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Abstract 
 
Coronary Artery Disease (CAD) is responsible for hundreds of thousands of deaths each year and is 
the main cause of premature death within the western world. Blood flow can be restored to the heart 
by coronary artery bypass graft surgery using either small artery or peripheral vein from the patient, 
however many CAD sufferers lack suitable vessels to harvest. Since the 1950s, considerable 
experimental and clinical research has aimed to develop alternative vascular grafts, yet despite this 
none of the biological and synthetic grafts produced thus far is an ideal substitute for a small-
diameter artery. In an attempt to solve this problem, this thesis aimed to develop a smart elastic and 
degradable polymeric scaffold to assist in the development of ‘small-diameter arterial substitutes’ 
for use as vascular grafts. 
 
It was recognised that the scaffold must exhibit mechanical properties that are comparable to 
coronary arteries, and which also possess tuneable degradation rate so that the rate at which the 
material is absorbed can be matched with that rate of cell proliferation and tissue remodelling in 
vitro and/or in vivo. To fulfil these requirements, a series of biodegradable elastomers which have 
tuneable properties were synthesised from different ratios of l-lactide (LLA) and 1,3-trimethlene 
carbonate (TMC) via ring-opening polymerisation (ROP) (Chapter 4). These P(TMC-co-LLA) 
copolymers were in the molecular weight range of 18 – 83 kg/mol and showed a decrease in LLA 
block length and crystallinity with increasing TMC incorporation. Solvent casting of these materials 
resulted in homogeneous films, as imaged by SEM. These films underwent tensile testing and films 
with low TMC content were generally stiff, strong and tough, while high TMC content resulted in 
more ductile materials. In vitro degradation revealed that higher TMC copolymers became more 
hydrated during the later stages of degradation as compared to those with low TMC content. The 
copolymers with higher water uptake were found to have an increased degradation rate, however, 
the two properties did not directly correlate. Additional information gained from the mass loss 
profile, and changes in the thermal properties, composition and molecular weights during 
degradation, supported the mechanism of bulk degradation. Through these studies the copolymer 
with between 16 to 39 mol% TMC were identified to be the most promising compositions to carry 
forth with minimal swelling during degradation up to 99 days and well-matched predicted 
mechanical properties after processing into a porous construct.  
 
Processing of the copolymers into three dimensional (3D) constructs was achieved through the 
electrospining process (Chapter 5). Parameters such as the collector distance, polymer feed rate, 
voltage and copolymer composition were systematically varied during the electrospinning process 
  
in order to evaluate their effects on the resultant average fiber diameters and pore sizes of the 3D 
mats. Preliminary data were obtained using the 9 mol% TMC copolymer which verified that these 
materials can be electrospun and that the parameter combinations obtained mats with different 
physical properties. Following this, 3D elecrospun mats were processed from 20 and 32 mol% 
TMC copolymers which had average pore sizes ranging from 8 - 20 µm and 6 - 13 µm, 
respectively. These mats underwent dry tensile testing and it was found that the elastic modulus and 
ultimate tensile strengths were highly dependent on the morphological properties of the electrospun 
mats such as the fiber diameter, pore size and porosity. Furthermore, the extent of elongation and 
toughness of these mats is strongly governed by the material composition.  
 
As a model study for assessing the potential of these mats as drug eluding scaffolds, toluidine blue 
was successfully incorporated into the 3D electrospun mats (Chapter 6). The dye was not soluble in 
the solvent system previously used, however, it was found that a stronger hydrogen bonding solvent 
allowed dissolution of the dye, and hence the protocol was revised so that 25 and 36 mol% TMC 
materials containing 1 wt% dye could be successfully electrospun. The in vitro drug release of these 
dye eluting mats demonstrated minimal burst release (< 4 wt%) and gradual release profiles. 
Despite the mats being different compositions, similar dye release profiles were seen suggesting 
that the fiber diameter, pore size, molecular weight, microstructure and wettability are important 
parameters in controlling the release profiles, while the chemical composition was not. Minimal 
mass loss, ≤ 3 wt%, was detected throughout the study and the mechanical properties were 
maintained throughout 49 days of in vitro degradation and were in close agreement with the 
mechanical properties reported for human coronary arteries.  
 
In summary, this project has demonstrated the successful processing of elastic P(TMC-co-LLA) 
materials into 3D electrospun mats that exhibit suitable mechanical properties and degradation 
profiles to be appropriate for small-diameter arterial substitute applications. Furthermore, successful 
loading of a model drug into these scaffolds supports the feasibility of incorporating drugs into 
these scaffolds for tailoring the in vitro and/or in vivo response. 
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of; ^ thin individual film.  
Stress-strain curves of multiple repeat tests of solvent cast samples measured 
under (a) dry and (b) wet conditions. Film thicknesses are comparable across 
all films tested. 
GPC traces showing changes in ?̅?n (with units of g/mol) between the original
bulk P(TMC-co-LLA) materials and subsequent film castings after being 
stored in air. 
Graphical representation of the water uptake measured for P(TMC-co-LLA) 
solvent cast films (cast C & D) with varying molar compositions. Error bars 
are standard error of the mean.  
Graphical representation of the water content measured for P(TMC-co-LLA) 
solvent cast films (cast C & D) with varying molar compositions. Error bars 
are standard error of the mean. 
Graphical representation of the mass loss measured for P(TMC-co-LLA) 
solvent cast films (cast C and D) with varying molar compositions. Error bars 
are standard error of the mean. 
Graphical representation of pH changes (pH(obs) – 7.4) of PSB media during 
the degradation study for various P(TMC-co-LLA) copolymers. 
GPC traces of P(TMC-co-LLA) copolymer films from cast D at various time 
points during the degradation study. 
Comparison of the average ?̅?n for P(TMC-co-LLA) copolymers of various 
molar compositions as a function of degradation time for cast D films. 
74 
 
 
75 
 
76 
 
78 
 
 
79 
 
81 
 
 
83 
 
 
84 
 
 
85 
 
 
 
 
88
 
 
 
 
90 
 
 
96
 
 
99 
 
 
102 
 
 
103 
 
 
104 
 
113 
 
119 
 
  
Figure 5.1 
Figure 5.2  
 
 
 
 
 
 
Figure 5.3   
 
 
 
 
 
Figure 5.4  
 
 
 
 
 
 
 
Figure 5.5 
 
 
 
 
Figure 5.6  
 
 
              
 
Figure 5.7  
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Schematic of the general electrospinning set-up. Figure adapted from Eda et.al 
SEM images of electrospun mats imaged using different protocols; a) identical 
protocol as what was used to image the solvent cast films, b) larger working 
distance, c) lower electron beam voltage, d) thicker platinum coating during 
sample preparation in conjunction with lower electron beam voltage. All mats 
were made from a P(TMC9-co-LLA91) copolymer in a 90/10 ratio mixture of 
CHCl3/DMF at a solution concentration of 25 wt%, voltage between 11 - 12 
kV, collector distance of 20 cm and a feed rate between 1 - 4 mL/hr. 
SEM image of electrospun mat at high magnification with circles drawn 
between fibers that are connected to each other either in the same plane or 
nearby planes only one fiber diameters distance apart. This mat is made from a 
P(TMC9-co-LLA91) copolymer in a 90/10 ratio mixture of CHCl3/DMF at a 
solution concentration of 25 wt%, voltage between 11 - 12 kV, collector 
distance of 20 cm and a feed rate of 1 mL/hr. 
Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for 
the mats processed from the P(TMC9-co-LLA91) copolymer with an 
electrospinning voltage of either 17, 24 or 30 kV. The collector distance was 
set at 15 cm for this experiment and the voltage effects were investigated at a 
2 mL/hr polymer feed rate as well as 10 mL/hr. Measurements that are 
statistically different from one another are displayed with a horizontal line 
above them and a symbol which refers to the significance value for that 
particular comparison such that * p < 0.01 and ** p < 0.05. 
SEM images of electrospun P(TMC9-co-LLA91) copolymer mats at voltages of 
17, 24 and 30 kV, a set collector distance of 15 cm and a 2 mL/hr feed rate; (a) 
and (b) sample 9-M7; (c) and (d) sample 9-M2; (e) and (f) sample 9-M8; (a), 
(c) and (e) denote a 1000 magnification; (b), (d) and (f) denote a 4000 
magnification. 
SEM images of electrospun P(TMC9-co-LLA91) copolymer mats at voltages of 
17, 24 and 30 kV, a set collector distance of 15 cm and a 10 mL/hr feed rate; 
(a) and (b) sample 9-M9; (c) and (d) sample 9-M5; (e), (f) and (g) sample 9-
M10; (a), (c) and (e) denote a 1000 magnification; (b), (d) and (f) denote a 
4000 magnification; (g) denotes a 500 magnification. 
Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for 
the mats processed from the P(TMC9-co-LLA91) copolymer with an 
electrospinning collector distance of either 10, 15 or 20 cm. The voltage was 
set at 24 kV for this experiment and the collector distance effects were 
investigated at a 2 mL/hr polymer feed rate as well as 10 mL/hr. The graph 
also displays the average fiber diameters (a) and pore sizes (b) of the mats 
electrospun at 2, 5, 10 and 20 mL/hr polymer feed rates with the voltage set at 
24 kV, and a collector distance of 15 cm. Measurements that are statistically 
different from one another are displayed with a horizontal line above them and 
a symbol which refers to the significance value for that particular comparison 
such that * p < 0.01 and ** p < 0.05. 
SEM images of electrospun P(TMC9-co-LLA91) copolymer mats at collector 
distances of 10, 15 and 20 cm, a set voltage of 24 kV and a 2 mL/hr feed rate; 
(a) and (b) sample 9-M1; (c) and (d) sample 9-M2; (e) and (f) sample 9-M3; 
(a), (c) and (e) denote a 1000 magnification; (b), (d) and (f) denote a 4000 
magnification. 
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SEM images of electrospun P(TMC9-co-LLA91) copolymer mats at feed rates 
of 2, 5, 10 and 20 mL/hr, a set voltage of 24 kV and a collector distance of 15 
cm; (a) sample 9-M2; (b) sample 9-M11; (c) sample 9-M5; (d) sample 9-M12; 
all images taken at a 4000 magnification. Note: The fiber going from bottom 
left to upper right in image (d) of sample 9-M12 is not an unusually thick fiber 
but rather two fibers that are intertwined. 
SEM images of electrospun P(TMC20-co-LLA80) copolymer mats at voltages 
of 17, 24 and 30 kV, a set collector distance of 15 cm and a 2 mL/hr feed rate; 
(a) and (b) sample 20-M7; (c) and (d) sample 20-M2; (e) and (f) sample 20-
M8; (a), (c) and (e) denote a 500 magnification; (b), (d) and (f) denote a 2000 
magnification. 
Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for 
the mats processed from the P(TMC20-co-LLA80) copolymer with an 
electrospinning voltage of either 17, 24 or 30 kV. The collector distance was 
set at 15 cm for this experiment and the voltage effects were investigated at a 
2 mL/hr polymer feed rate. Measurements that are statistically different from 
one another are displayed with a horizontal line above them and a symbol 
which refers to the significance value for that particular comparison such that 
* p < 0.01 and ** p ≤ 0.05. 
Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for 
the mats processed from the P(TMC20-co-LLA80) copolymer with an 
electrospinning collector distance of either 10, 15 or 20 cm. The voltage was 
set at 24 kV for this experiment and the collector distance effects were 
investigated at a 2 mL/hr polymer feed rate as well as 10 mL/hr. The graph 
also displays the average fiber diameters (a) and pore sizes (b) of the mats 
electrospun at 2, 5, 10 and 20 mL/hr polymer feed rates with the voltage set at 
24 kV, and a collector distance of 15 cm. Measurements that are statistically 
different from one another are displayed with a horizontal line above them and 
a symbol which refers to the significance value for that particular comparison 
such that * p < 0.01. 
SEM images of electrospun P(TMC20-co-LLA80) copolymer mats at collector 
distances of 10, 15 and 20 cm, a set voltage of 24 kV and a 2 mL/hr feed rate; 
(a) and (b) sample 20-M1; (c) and (d) sample 20-M2; (e) and (f) sample 20-
M3; (a), (c) and (e) denote a 500 magnification; (b), (d) and (f) denote a 2000 
magnification. 
SEM images of electrospun P(TMC20-co-LLA80) copolymer mats at collector 
distances of 15 and 20 cm, a set voltage of 24 kV and a 10 mL/hr feed rate; (a) 
and (b) sample 20-M5; (c) and (d) sample 20-M6; (a) and (c) denote a 500 
magnification; (b) and (d) denote a 1000 magnification. 
SEM images of electrospun P(TMC20-co-LLA80) copolymer mats at feed rates 
of 2, 5 and 20 mL/hr, a set voltage of 24 kV and a collector distance of 15 cm; 
(a) sample 20-M2; (b) 20-M11; (c) sample 20-M12; all images taken at a 1000 
magnification. 
Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for 
the mats processed from the P(TMC32-co-LLA68) copolymer with an 
electrospinning voltage of either 17, 24 or 30 kV. The collector distance was 
set at 15 cm for this experiment and the voltage effects were investigated at a 
2 mL/hr polymer feed rate as well as 10 mL/hr. Measurements that are 
statistically different from one another are displayed with a horizontal line 
above them and a symbol which refers to the significance value for that 
particular comparison such that * p < 0.01. 
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Figure 6.1 
Figure 6.2  
Figure 6.3   
 
 
 
 
 
 
Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for
the mats processed from the P(TMC32-co-LLA68) copolymer with an 
electrospinning collector distance of either 10, 15 or 20 cm. The voltage was 
set at 24 kV for this experiment and the collector distance effects were 
investigated at a 2 mL/hr polymer feed rate as well as 10 mL/hr. The graph 
also displays the average fiber diameters of the mats electrospun at 2, 5, 10 
and 20 mL/hr polymer feed rates with the voltage set at 24 kV, and a collector 
distance of 15 cm. Measurements that are statistically different from one 
another are displayed with a horizontal line above them and a symbol which 
refers to the significance value for that particular comparison such that * p < 
0.01 and ** p < 0.05.               
SEM images of electrospun P(TMC32-co-LLA68) copolymer mats at collector 
distances of 10, 15 and 20 cm, a set voltage of 24 kV and a 2 mL/hr feed rate; 
(a) and (b) sample 32-M1; (c) and (d) sample 32-M2; (e) and (f) sample 32-
M3; (a), (c) and (e) denote a 500 magnification; (b), (d) and (f) denote a 2000 
magnification.      
SEM images of electrospun P(TMC32-co-LLA68) copolymer mats at collector
distances of 15 and 20 cm, a set voltage of 24 kV and a 10 mL/hr feed rate; (a) 
and (b) sample 32-M5; (c) and (d) sample 32-M6; (a) and (c) denote a 1000 
magnification; (b) and (d) denote a 2000 magnification.      
SEM images of electrospun P(TMC32-co-LLA68) copolymer mats at feed rates 
of 2, 5, 10 and 20 mL/hr, a set voltage of 24 kV and a collector distances of 15 
cm; (a) sample 32-M2; (b) 32-M11; (c) sample 32-M5; (d) 32-M12; all images 
taken at a 2000 magnification. 
DSC theromgrams of the P(TMC20-co-LLA80) material in bulk form versus 
electrospun mat form; (1) and (2) refer to the first and second heating scan, 
respectively; a and b denote mats M1 and M12, respectively. 
DSC theromgrams of the P(TMC32-co-LLA68) material in bulk form versus 
electrospun mat form; (1) and (2) refer to the first and second heating scan, 
respectively; a and b denote mats M1 and M12, respectively. 
Scatter plot of the normalised average fiber diameters from Table 5.7. 
Scatter plot of the average fiber diameter and corresponding average pore size 
obtained for each electrospun mat. This included mats from 3 different 
P(TMC-co-LLA) compositions and up to 12 different parameter combinations, 
data from Table 5.1, 5.2 and 5.3. 
Representative stress-strain curve for each mechanically tested electrospun 
mat. 
SEM images of electrospun P(TMC20-co-LLA80) (images (a) and (b)) and 
P(TMC32-co-LLA68) (images (c) and (d)) copolymer mats at a set voltage of 
24 kV and a collector distance of 10 cm and 2 mL/hr feed rate (images (a) and 
(c)) or a collector distance of 15 cm and 20 mL/hr feed rate (images (b) and 
(d)); (a) sample 20-M1; (b) sample 20-M12; (c) sample 32-M1; (d) sample 32-
M12; all images taken at a 2000 magnification. 
Chemical structure of toluidine blue.    
Absorbance curves for toluidine blue in PBS at various concentrations. 
SEM images of electrospun P(TMC9-co-LLA91) copolymer mats from 90/10 
CHCl3/DMF and CHCl3/MeOH solvent mixtures, at a set voltage of 17 kV, a 
collector distance of 15 cm and a 10 mL/hr feed rate; (a) and (b) sample 9-M9; 
(c) and (d) sample 9-M13; (a) and (c) denote a 1000 magnification; (b) and (d) 
denote a 4000 magnification. 
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SEM images of electrospun P(TMC9-co-LLA91) copolymer mats from a 90/10 
and 80/20 ratio solvent mixture of CHCl3/MeOH, at a set voltage of 17 kV, a 
collector distance of 10 cm and a 2 mL/hr feed rate; (a) and (c) denote a 1000 
× magnification; (b) and (d) denote a 4000 × magnification. 
SEM images of electrospun P(TMC9-co-LLA91) copolymer mats without dye 
(9-M) and with dye (9-MDYE) at a 5 mL/hr feed rate and the voltage and 
collector distance parameters were; A = 17 kV & 10 cm; B = 19 kV & 15 cm; 
C = 24 kV & 10 cm. All images are taken at a 4000 magnification. 
Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for 
the mats processed from the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) 
copolymers with a dye loading of either 0 or 1 wt%. Measurements that are 
statistically different from one another are displayed with a horizontal line 
above them and a symbol which refers to the significance value for that 
particular comparison such that * p < 0.01. 
SEM images of electrospun P(TMC25-co-LLA75) and P(TMC36-co-LLA64) 
copolymer mats from 80/20 CHCl3/MeOH solvent mixture; (a) and (b) sample 
25-M; (c) and (d) sample 25-MDYE; (e) and (f) sample 36-M; (g) and (h) 
sample 36-MDYE; (a), (c), (e) and (g) denote a 1000 magnification; (b), (d), (f) 
and (h) denote a 4000 magnification. 
DSC theromgrams of the P(TMC25-co-LLA75) material in bulk form versus 
electrospun mat form; (1) and (2) refer to the first and second heating scan, 
respectively; a and b denote mats without dye (25-M) and with 1 wt% dye 
(25-MDYE), respectively. 
DSC theromgrams of the P(TMC36-co-LLA64) material in bulk form versus 
electrospun mat form; (1) and (2) refer to the first and second heating scan, 
respectively; a and b denote mats without dye (36-M) and with 1 wt% dye 
(36-MDYE), respectively. 
Representative stress-strain curve for each mechanically tested electrospun 
mat with incorporation of 1 wt% dye. 
Graphical representation of dye elution from 25-MDYE and 36-MDYE 
electrospun mats with 1 wt % dye loading made from P(TMC25-co-LLA75) 
and P(TMC36-co-LLA64) copolymers, respectively. A is a standard graph 
depicting average elution values with errors bars of the cumulative error with 
n ≥ 5; B is with same data fitted to linear functions with R2 > 0.99. 
Graphical representation of dye elution from 25-MDYE and 36-MDYE 
electrospun mats with 1 wt % dye loading made from P(TMC25-co-LLA75) 
and P(TMC36-co-LLA64) copolymers, respectively, plotted against the square 
root of time. Data is fitted to linear functions with R
2
 > 0.99. 
Graphical representation of the natural log of dye elution from 25-MDYE and 
36-MDYE electrospun mats with 1 wt % dye loading made from P(TMC25-co-
LLA75) and P(TMC36-co-LLA64) copolymers, respectively, plotted against the 
natural log of time. Data is fitted to linear functions with R
2
 ≥ 0.99. 
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Chapter 1 
 
Introduction and Project Aims 
 
1.1 The Cardiovascular System 
 
The cardiovascular system is primarily made up of three components: the heart, blood, and blood 
vessels. Within the human body the heart beats approximately 100,000 times every day and is 
responsible for pumping roughly 8,000 litres of blood throughout the entire body. This constant 
circulation of blood maintains homeostasis, allowing the necessary oxygen, nutrient and metabolic 
waste exchanges between the blood stream and the interstitial fluid surrounding cells to occur. 
Without the circulation of blood, the supply of oxygen and nutrients to the cells becomes exhausted 
and the blood soon becomes saturated with waste products, leading to failure of the cardiovascular 
system.
1,2
 
 
The circuit of blood flow begins and ends at the heart and is connected through a network of blood 
vessels. Arteries and arterioles (small arteries) carry blood away from the heart to thin-walled 
capillaries where exchange occurs before the blood returns to the heart though venules (small veins) 
and veins. In order for the heart to function continuously, the cardiac muscles of the heart also 
require a steady supply of oxygen and nutrients. This is achieved through the coronary circulation 
which supplies a continual flow of blood to the muscle tissue of the heart via an extensive network 
of coronary blood vessels, see Figure 1.1.
1,2
 
2 
 
 
 
Figure 1.1. Front view of the heart and the coronary arteries. The coronary arteries originate at the 
aorta and branch off into smaller arteries around the surface of the heart.
3
 
 
There are many disorders of the cardiovascular system which in turn affect virtually every cell in 
the body. These can be separated into diseases that primarily affect the heart, blood, or blood 
vessels. One disease in particular, coronary artery disease, is the most common cause of premature 
mortality in the western world and is responsible for more than a million deaths in the United States 
per year.
4
 
 
1.2 Coronary Artery Disease 
 
Coronary artery disease (CAD) is a medical condition where the coronary arteries accumulate 
plaque on the interior surface of the vessels, causing the blood circulation to become blocked and 
the cardiac performance to decrease, see Figure 1.2. This decrease in the cardiac performance is 
known as coronary ischemia and the condition is exaggerated when the work load of the heart is 
increased and requires a greater supply of oxygen and nutrients. When an extra load is placed on the 
heart, CAD sufferers often begin to feel pain in the chest known as angina pectoris.
1
  
3 
 
 
 
Figure 1.2. Front view of the heart with focus on a healthy coronary artery shown left, and a 
blocked coronary artery as in CAD shown right.
5
  
 
1.3 Current Approaches to Coronary Artery Disease 
 
The standard treatment for this disease involves coronary artery bypass graft (CABG) surgery, 
whereby the blocked/damaged arteries are bypassed with either a small artery or peripheral vein 
from the patient to restore blood flow. However, there are many drawbacks to this current 
treatment, and include each patient having only a limited number (in some cases none due to vessel 
deterioration) of suitable harvest sites which in turn add to patient morbidity, and cost. Further 
complications can arise from diameter mismatches between the graft site and graft vessel, damaging 
of the graft vessel from manual handling during surgery, and furthermore these graft sites are prone 
to infection and poor healing.
1,4,6-8
 Therefore, not only is it necessary to develop alternative 
solutions to minimise patient suffering during bypass surgery, but also to make surgical graft 
treatment viable for all CAD sufferers.  
 
1.4 Substitute Vessels for Vascular Grafts 
 
Many researchers have made efforts to develop substitute vascular grafts with investigations dating 
as far back as the 1950’s.9 This has resulted in substantial progress with synthetic blood vessels of 
diameter > 6 mm, so much so that they are routinely used in clinical surgeries. These include 
commercially available prosthetic vascular grafts of polyethylene terephthalate (Dacron®), 
4 
 
expanded polytetrafluoroethylene (ePTFE), and polyurethane. However, the same cannot be said for 
blood vessels with a diameter < 6 mm, where the formation of clots within these small vessels is 
currently unavoidable.
6,7,10
 A reduction in the rate of graft failures has recently been demonstrated 
with two new permanent small diameter heparin bound ePTFE products, Carmeda® and 
Propaten®.
11
 However, as these products are permanent devices that cannot be re-modelled, the 
search continues for the optimal temporary tissue engineered vascular graft. 
 
Over the past two decades there has been an array of vastly different approaches taken in attempts 
to develop the ‘ideal small-diameter arterial substitute’. Despite considerable experimental and 
clinical research, none of the biological or synthetic grafts produced thus far are an ideal substitute 
for an artery.
6,12,13
 Progress towards developing these small-diameter substitute vessels is hindered 
by a number of substantial challenges,
7
 however, success predominantly depends upon the 
compliance match between the grafted vessel and the one being replaced. Compliance matches have 
been shown to promote long-term graft patency,
4
 whereas mismatches in compliance between the 
graft and the host artery has been noted as the primary cause of graft failure.
14
  
  
1.5 Peritoneal Cavity Approach for Substitute Vessels for Vascular Grafts 
 
Recent advances in tissue engineering have seen the development of tissue-engineered blood 
vessels, which offer the potential to serve as arterial grafts for the improvement of future CABG 
surgeries.
15
 One approach which has shown significant promise involves the growth of an artificial 
blood vessel in the peritoneal cavity from cells of the same species. Currently studied by researchers 
at the University of Queensland, this approach involves the implantation of a cylindrical device into 
the peritoneal cavity, which causes a foreign body response and results in formation of a capsule 
composed of living cells and a collagen matrix which surrounds the device. Upon removal this 
capsule acts as a ‘vascular substitute’ that is antigenically acceptable, strong, suturable, able to 
respond to vasoconstrictor and relaxing agents similar to blood vessels of the host, and which also 
has a non-thrombogenic lining.
6,16-18
 Furthermore, this approach can be easily tailored to specific 
dimensions, depending on the cylindrical device used, and these grafts have been shown to remain 
patent when sutured into high pressure arterial sites. In general the composition and structure of 
these vessels is similar to that of a native artery, and the collagen matrix supplies high burst 
strength. The synthesis of elastin occurs by the constituent cells over the first month after grafting 
during their differentiation into fully mature smooth muscle cells. However, the initial lack of 
elastin compared to the native vessel at the time of grafting results in a lack of compliance and 
inevitably leads to graft failure.
6
  
5 
 
To overcome this problem it is desirable that the tissue be grown within an elastic polymeric 
scaffold to supply the peritoneal grown vessel with elastic properties within the first month after 
grafting and up to the point where the cells have differentiated and are synthesising appropriate 
levels of elastin to give the graft adequate compliance and remain patent. It is necessary that the 
scaffold allows the growth of the tissue both within the peritoneal cavity and during vessel 
remodelling process after grafting. It is also desirable that the scaffold degrades within a 1.5 – 3 
month time period from when it’s implanted into the peritoneal cavity. This will allow sufficient 
time for the vessel to be grown (currently 2-3 weeks)
6
 and for the mature smooth muscle cells 
(SMC’s) to reach the stage of synthesising elastin after transplantation.   
 
1.6 Project Aims and Thesis Outline 
 
The ultimate objective of this project is to develop and process a smart elastic and degradable 
polymeric scaffold to assist in the development of ‘small-diameter arterial substitutes’ for use as 
vascular grafts. The specific project objectives are separated into four main sections of work, as 
outlined below: 
 
(1) Synthesis 
Synthesise and characterise a range of candidate biodegradable, elastic copolymers made from 
trimethylene carbonate (TMC) and L-lactide (LLA) by ring-opening polymerisation (ROP). 
(2) Degradation Analysis 
Investigate the degradation behaviour of these candidate materials to identify the compositional 
effects on degradation and to gain an understanding of the degradation mechanism.  
(3) Processing 
Use electrospinning to produce 3-dimensional (3D) fibrous mats and investigate how different 
parameter combinations affect both the pore size and mechanical properties. 
(4) Model Drug Encapsulation 
Encapsulate a model drug into the electrospun fibrous mats and evaluate the effect of drug 
encapsulation on fiber characteristics, drug release and fiber degradation. 
 
Prior to beginning this project in 2008, there were a limited number of publications which utilised 
statistical copolymers of P(TMC-co-LLA).
19-31
 In many of these papers, P(TMC-co-LLA) was not 
the main focus of the study and was only present to complement other data.
19-25
 If it was the main 
focus of the publication, either preliminary data was reported,
26
 or the P(TMC-co-LLA) copolymers 
were not extensively characterised or tested.
27-31
 Of these publications, none comprehensively 
6 
 
investigated the synthesis, characterisation, long-term in vitro degradation, mechanical properties, 
processing via electorpsinning and drug release from polymer fibers of statistical P(TMC-co-LLA) 
copolymers.     
 
Since commencing this project, however, this area has shown to be an active research field with 
over fifteen papers published utilising these P(TMC-co-LLA) copolymers.
32-50
 Within these 
publications, these materials have been synthesised,
32,33,36-45,47-50
 mechanically tested,
36,39,40,46
 
degraded both in vitro
32,37,41,42,47
 and in vivo,
45
 electrospun
46,48
 and undergone drug elution studies 
from films.
42,43
 Thus, the results obtained throughout this PhD research project will be compared to 
the data presented within these recent publications. 
 
This thesis begins with a review of the literature, Chapter 2, which includes details of artery 
properties, the principles of tissue engineering (TE) and the role and requirements of TE scaffolds 
and the potential routes in which they can be fabricated. The different approaches towards TE 
small-diameter blood vessels are summarised and the biodegradable polymer and copolymeric 
materials with suitable properties for vascular applications are highlighted. A discussion of the 
physical properties inherent to polymeric materials is undertaken with specific focus on their 
interdependence and how they can be controlled. Polyester carbonate materials are reviewed in 
detail and the scope of the project and project significance are defined at the conclusion of Chapter 
2. 
 
The materials, methods and characterisation techniques are subsequently outlined in the 
experimental section of the thesis, Chapter 3. The results begin in Chapter 4 with the synthesis of 
candidate P(TMC-co-LLA) materials through ROP and subsequent characterisation via nuclear 
magnetic resonance spectroscopy, gel permeation chromatography and differential scanning 
calorimetry analysis. The mechanical properties of these candidate materials is evaluated, in the 
form of solvent cast films. The degradation behaviour is monitored through water uptake, mass loss 
and pH measurements which assists in the evaluation of the degradation mechanism. This chapter 
also addresses the degradation of these materials over time during storage. The results from Chapter 
4 are published in J. Cork, A. Whittaker, J. Cooper-White, L. Grøndahl. Tensile properties and in 
vitro degradation of P(TMC-co-LLA) elastomers. Journal of Materials Chemistry B. 2015, 3, 4406 
- 4416. 
 
Chapter 5 gives an introduction to the electrospinning technique and outlines the parameters that 
affect fibrous mat morphology. Three copolymers were selected for electrospinning based on 
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calculations made using a theoretical model which predicts how the mechanical properties would 
change with introduced porosity. The effect of changing the applied voltage, collector distance and 
polymer feed rate on the average fiber diameters and average pore sizes of the electrospun mats is 
addressed across three different copolymer compositions. In addition, the copolymer compositional 
effect on fiber mat morphology is evaluated. Lastly, these mats underwent mechanical testing and 
the results were compared to the predicted values as calculated from the theoretical model. The 
results from Chapter 5 are currently in preparation for publication in “Jorja Cork, Justin Cooper-
White, Lisbeth Grøndahl. Electrospinning and mechanical properties of P(TMC-co-LLA) 
elastomers.” 
 
Chapter 6 focuses on incorporating toluidine blue as a model drug into electrospun fibrous P(TMC-
co-LLA) mats. Drug eluding scaffolds are introduced in this chapter, along with the effects of the 
solvent system and incorporation of small molecules on the electrospinning process. The 
mechanisms of drug release and the mathematics of diffusion are also introduced. The result of 
different solvent mixtures and the incorporation of the dye are assessed in terms of their effect on 
the mat morphology. The release profiles of the dye from these mats is investigated and coupled 
with water uptake and mass loss measurements. The dye release profiles are discussed across 
varying copolymer compositions and the mechanism of dye release and diffusion coefficients are 
determined. The results from Chapter 6 are currently in preparation for publication in “Jorja Cork, 
Justin Cooper-White, Lisbeth Grøndahl. Electrospun P(TMC-co-LLA) mats as drug eluding 
constructs for vascular tissue engineering.” The thesis is concluded in Chapter 7 with a summary of 
the experimental findings and a discussion of proposed future directions. 
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Chapter 2 
 
Literature Review 
 
2.1 Blood Vessels 
        
Blood vessels consist of three main layers, each of which plays an important role in the overall 
vessel function. These layers are the intima, media and the adventitia, Figure 2.1. 
 
 
 
Figure 2.1. The general structure of blood vessels clearly showing the three layers.1 
 
The intima, or endothelium, forms the innermost lining and consists of a single layer of endothelial 
cells that operates as both a transport barrier and filter which prevents spontaneous thrombosis and 
regulates vessel permeability, vascular tone, and homeostasis.1-3 The outermost part of the intima 
consists of an internal elastic lamina the separates the endothelium monolayer in the intima from the 
media.1-3 The middle tunica media is formed from a thick layer of smooth muscle cells (SMCs), and 
dense extracellular matrix (ECM) proteins which consist primarily of collagen, elastin and 
proteoglycans. This layer provides the majority of the vessel’s mechanical strength and controls 
vessel calibre by contracting or relaxing. Finally, the adventitia forms the external layer and 
contains fibroblast cells along with a collagenous ECM that regulates the vasotone of the blood 
vessel.1-4  
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The mechanical properties of blood vessels are the result of the combination of cellular constituents 
that make up the vessel, of which the elastin and collagen content are of primary importance. 
Elastin is a highly elastic rubber-like protein which is easily distended to elongations of up to 300 % 
and possesses low elastic moduli of approximately 0.4 – 1.0 MPa.5-7 Conversely, collagen is 
relatively inextensible (elongation at break approximately 3 – 4 %) and acts as a stiff reinforcing 
component with an elastic moduli reported to reach up to 1,000 MPa.5-7 In particular, the elastin 
fibers are preferentially load-bearing at low strains whereas collagen fibers are dominant at higher 
strains. This results in blood vessels exhibiting non-linear stress-strain and pressure-diameter 
behaviour when distended.6-8 
 
The properties of blood vessels within the circulatory system are site specific and drastically vary 
with both their location and function within the body.9 For this reason data collected on vessels in 
one tissue or organ are specific for that particular tissue or organ and are generally not applicable to 
other vessels.10 The literature sources which specifically tested and reported the mechanical 
properties of human coronary arteries are summarized in Table 2.1. 
 
Table 2.1. The mechanical properties of human coronary arteries as referenced in literature; E is 
elastic modulus; σmax is ultimate tensile strength; εbreak is elongation at fail.11-15 
# = longitudinal testing; ^ = circumferential testing; * = tangential measurement; (-) = not reported. 
 
The mechanical properties of human coronary arteries therefore appear to be within the range of 
1.06 – 2.31 MPa for the elastic modulus, equal to 1.05 MPa for the ultimate tensile strength and 
range from 64 – 138 % for the elongation at fail, Table 2.1.11-15 In addition to these publications, it 
is commonly referenced that coronary arteries have an ultimate tensile strength within the range of 
1.40 – 11.14 MPa and an elongation at fail between 45 – 99 %.5,16-18 The original source of this 
data, however, cannot be found and so the specifics of the data collection such as the species 
Literature 
Source 
Number of 
Subjects, n 
Age of 
Subjects 
Testing 
Pressure 
Mechanical Property 
E σmax εbreak 
  (years) (mmHg) (MPa) (MPa)  (%) 
Yamada et al.# 42 10 - 79 - - 1.05 64 
Ozola et al.^ 13 15 - 29 200-240 1.45 * - 120 
Purinya et al.^ 15 19 - 29 200-240 1.55 * -  125 
Ozolanta et al.^ 20 8 - 19 200-240 1.06 * -  138 
Gow et al.^ 5 14 - 40 100 2.31 - - 
12 
 
studied, number of subjects, direction of testing and the mechanical method employed cannot be 
verified. Never the less, these values seem plausible when contrasted to those in Table 2.1 and have 
been used for comparative reasons by other researchers in the field of vascular tissue 
engineering.5,16-18 Thus, taking this data into consideration it can be inferred from literature that the 
mechanical properties of human coronary arteries fall within the range of 1.06 – 2.31 MPa for the 
elastic modulus, between 1.05 – 11.14 MPa for the ultimate tensile strength and range from 45 – 
138 % for the elongation at fail.5,11-18 
         
2.2 Tissue Engineering 
 
Tissue engineering is an interdisciplinary field that applies the principles of engineering and the life 
sciences toward the reconstruction or development of biological substitutes that restore, maintain, or 
improve tissue functions.4,19 It follows that the principal objective of tissue engineering is to replace 
or repair tissues that fail to regenerate or heal spontaneously with viable, functional tissues that 
flawlessly integrate into the patient’s system. While a number of methodologies exist which aim to 
achieve this goal, modern tissue engineering approaches predominately involve the implantation of 
a 3D degradable polymeric scaffold seeded with cells, and biomolecules such as drugs, growth 
factors, chemokines, peptides and proteins into the tissue defect site.4,19,20 In ideal cases, the 
scaffolds bioabsorb and degrade in vivo at a predefined rate which results in the initial scaffold 
being completely replaced by regenerated host tissue, while the degradation products are 
completely eliminated from the host via natural bodily processes.19-23  
 
A number of steps are generally undertaken in order to develop tissue engineered constructs as 
illustrated in Figure 2.2. To begin, cells are harvested from the patient and expanded in culture, then 
subsequently seeded onto a scaffold template, with or without the inclusion of biomolecules such as 
drugs, growth factors, chemokines, peptides and proteins. The seeded scaffold template is then 
either dynamically cultured in an in vitro bioreactor which exposes the construct to physiological 
pressure to promote cellular proliferation and improve construct strength and functional 
development, and/or an in vivo bioreactor which assists with cellular proliferation and tissue 
formation through the foreign body response. Once the conduit is ready for clinical application, it is 
finally implanted into the defect site of the patient.  
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Figure 2.2. Illustration of the most commonly used tissue-engineered approach to prepare 
constructs for the replacement of diseased body parts.  
 
Importantly, Figure 2.2 also illustrates (via the dotted arrowed line) that the scaffold can be directly 
implanted into an in vivo bioreactor (i.e. the patient) in which the cell seeding step is completely 
bypassed. This is the desired tissue engineering approach of this research project. Furthermore, this 
project aims to incorporate biomolecules within the scaffold structure during scaffold fabrication 
(not illustrated in Figure 2.2). Ultimately, such a construct will be placed into the peritoneal cavity 
for approximately 2 – 3 weeks to allow the vessel to be grown via the foreign body response. 
Ideally, this construct is subsequently implanted into the patient as a vascular graft whereby the 
scaffold supplies the mechanical properties to support the graft patency (especially important for the 
first 6 weeks) and slowly degrades away during vessel remodelling and transfers the mechanical 
load onto the maturing elastin producing smooth muscle cells (SMCs). 
 
During the remodelling process (i.e. within the in vivo bioreactor and upon grafting), the scaffold 
construct is infiltrated by inflammatory cells such as monocytes and macrophages which release 
multiple biomolecules that recruit SMSs and endothelial cells (ECs) into the scaffold. Over time, 
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these ECs and SCMs organise themselves into a blood-vessel-like structure throughout and on the 
surface of the scaffold.24,25 Multiple biomolecules have been identified to be involved in vessel 
formation to achieve successful neovascularization of vascular grafts including, vascular endothelial 
cell growth factor (VEGF), platelet derived factor (PDGF), recombinant human MCP-1, fibroblast 
growth factor (FGF-1), and transforming growth factor β (TGF-β).3,24,26 Specifically, MCP-1 has 
been shown to increase host monocyte recruitment during the early stages of vascular remodelling, 
while TGF-β regulates proliferation, migration, survival, differentiation, and extracellular matrix 
synthesis in ECs and SMCs which can dramatically increase matrix production.25,26 Therefore, in 
any optimised tissue engineered construct the incorporation of cells, and/or biomolecules such as 
drugs, growth factors, chemokines, peptides and proteins will likely be advantageous as this is 
expected to allow for more defined targeting and control over cellular remodelling in vitro and in 
vivo.  
 
2.2.1 Scaffolds in Tissue Engineering 
An essential stage in tissue engineering is the design and fabrication of porous three-dimensional 
scaffolds which provides the necessary framework for cells to attach, migrate, proliferate, and 
differentiate within the artificial 3D environment.2,4 These cells then begin secreting their own 
ECM, which allows the vascularisation of the developing tissue. The ECM is a complex structural 
protein-based entity which surrounds cells within mammalian tissues.27 The majority of vertebrate 
cells cannot survive unless they are anchored to the ECM. It is crucial that the scaffold likewise can 
promote cell migration, growth, and vascularisation throughout the 3-dimensional (3D) construct 
for the entire period of the complex tissue regeneration process.27 Furthermore, in the ideal tissue 
engineering model, scaffolds bioabsorb and degrade in vivo at a predefined rate which results in the 
initial scaffold being completely replaced by regenerated host tissue, while the degradation products 
are completely eliminated from the host via natural bodily processes.19,20 This approach eliminates 
problems that arise from donor scarcity, immune rejection and pathogen transfer.28-30 In order to 
fulfil these requirements an ideal scaffold should possess the properties listed in Table 2.2.  
 
The choice of scaffold fabrication process is a vital factor in the production of scaffolds which 
require precise internal and external structural features to fulfil the requirements for a specific 
application.31 To date, numerous fabrication techniques have been developed which process 
biocompatible polymers into 3D configurations. These include textile processing, fiber bonding, 
electrospinning, solvent casting and particulate leaching (SCPL), thermally induced phase 
separation (TIPS), supercritical gas foaming, and rapid prototyping (RP).31-33 From a scaffold 
design and function perspective, each of these techniques have advantages and disadvantages which 
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are outlined in the Table 2.3. As solvents are required in the majority of scaffold fabrication 
techniques (Table 2.3), a common drawback is the possible biocompatibility and cytotoxicity issues 
that can arise from the presence of unwanted residual solvent/s retained within the scaffold 
construct. Therefore, when these techniques are employed for the fabrication of scaffolds intended 
for implantation into the human body as biomedical devices or tissue engineered constructs, the 
leaching of solvents is an important consideration which needs to be investigated and minimised so 
that these devices function as intended without complications. 
 
Table 2.2. Requirements of an ideal scaffold.4,19,20,23,32,34-38 
- Nontoxic and biocompatible to allow the cells to adhere to the scaffold without adverse 
reactions and toxic substances being released into the body 
- Biodegradable with a controllable degradation rate to complement proliferation of cells and 
tissue formation 
- Highly porous with an interconnected architecture, with a controlled size, shape, and       
alignment of pores to facilitate oxygen, nutrient, and metabolic waste transfer as well as rapid 
vascularisation and tissue ingrowth 
- Large surface area are favourable to allow sufficiently high seeding densities and supporting cell 
growth 
- High permeability, to allow for the inflow of nutrients and the elution of metabolic waste and 
degradation by-products 
- Suitable surface chemistry to provide the appropriate chemical signals to guide cell attachment, 
proliferation, and prevent immune rejection 
- Mechanically robust to provide and maintain a defined 3D structure as a physical support for the 
regenerating tissue and to withstand contractile force exerted by tissue formation within the 
scaffold        
- Of an appropriate size and shape to match the target tissue defect site 
- Sterilisable in order to meet regulatory guidelines for infection control 
- Ease of processing  and economical so that it is feasible on a large scale 
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Table 2.3. Advantages and disadvantages of scaffold fabrication techniques.4,31,32,36,38,39 
Processing Techniques Advantages Disadvantages 
Textile processing Highly porous and interconnected 
fiber structure; large surface area 
Solvent residue 
Fiber bonding Highly porous and interconnected 
fiber structure; large surface area; 
improved mechanical integrity 
Solvent residue; minimal fusing 
of fiber bonds 
Electrospinning Highly porous and interconnected 
nanofiber structure; large surface 
area; simplistic; wide range of 
polymers can be used; cost 
effective 
Solvent residue; use of high 
voltages 
 
Solvent casting and 
particulate leaching 
(SCPL) 
Porous 3D foam structure; 
relatively controlled pore size and 
porosity; wide range of polymers 
can be used 
Limited to membranes up to 3mm 
thick; irregular shaped pores; 
poorly interconnected structures; 
solvent residue; user, material and 
technique sensitive; labour 
intensive fabrication process 
Thermally induced 
phase leaching (TIPS) 
Highly porous and interconnected 
foam structure; scaffold of 
complex shape and large size can 
be made; wide range of polymers 
can be processed; bioactive 
molecules can be incorporated 
Solvent residue; user, material 
and technique sensitive; pore size 
varies 
Supercritical gas 
foaming 
Porous foam structure; bioactive 
molecules can be incorporated; 
no solvent residue 
Closed pore system; poorly 
interconnected structure 
Solid free form (SFF) 
fabrication, or Rapid 
prototyping (RP) 
Highly porous and fully 
interconnected structure; accurate 
control of pore size, pore shape; 
scaffold with complex shape can 
be made easily 
Limited materials can be 
processed using the fused 
deposition modelling (FDM); 
solid fiber structure; solvent 
residue (except the FDM); high 
equipment cost 
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The regeneration of tissues using scaffold constructs has been shown to depend on its pore size and 
porosity. Large surface areas are favourable as they support cell growth, but high porosity is also 
necessary for sufficient diffusion of nutrients and removal of wastes.34-37 A number of scaffold 
fabrication methods have been employed in attempts to tissue-engineer blood vessels, however, the 
electrospinning technique offers many advantages for the preparation of scaffolds for vascular 
applications. Not only does it produce high porosity and high surface area constructs, but it also 
produces scaffolds consisting of nanofibers which closely mimic the ECM of blood vessels.36 One 
advantage of the electrospinning technique is the flexibility it offers in terms of the vast number of 
materials that can be successfully processed into scaffolds. These include biodegradable polymers, 
which have established uses within an extensive range of biomedical applications. Predominately 
this is because biodegradable polymers can be designed to function for a predetermined period, 
have a controlled degradation rate, and in the ideal case can either be resorbed or eliminated safely 
from the body, therefore not requiring the removal of the surgical device.40 The biodegradable 
polymers that have been elecrospun into scaffolds and studied for potential applications as materials 
for soft tissue engineering applications include natural polymers such as collagen, elastin and 
fibrinogen,41 synthetic polymers such as polylactic acid (PLA), polyglycolic acid (PGA), 
polycaprolactone (PCL), polydioxanone (PDXO),20,30,32 a number of copolymers P(LA-GA),42 
P(CL-TMC),43 P(LLA-CL),44,45 along with hybrids of both natural and synthetic materials.9 The 
electrospinning technique also allows incorporation of biologically active molecules such as growth 
factors, enzymes, or drugs during the spinning process that can potentially improve the scaffold’s 
biological properties.36 Scaffold properties can be more easily controlled using synthetic rather than 
naturally derived polymers. Scaffolds produced from synthetic polymers allow for better 
management during the remodelling process; the transition from a construct dependent on the 
material for its mechanical strength, to one with sufficient tissue strength to tolerate the demands of 
the arterial circulation. The management of this transition is the central process for the further 
development of the vascular graft.3,46 
 
In addition to the general requirements for ideal tissue engineered (TE) scaffolds (Table 2.3), there 
are also more specific requirements depending on the specific application. It is reported that it is 
desirable that vascular scaffolds have a pore size range of 20 – 60 µm,36,47 and a porosity of 90 % to 
promote the appropriate cell attachment and matrix deposition.48 However, discrepancies exist 
within literature regarding the optimal pore size for vascular TE grafts to allow sufficient cell 
migration, which may be linked to the specific scaffold fabrication technique employed. Compared 
to many other scaffold fabrication techniques, electrospun scaffolds specifically, being made up of 
overlaid thin fibers, offer a degree of flexibility in the 3D environment and allow potentially greater 
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movement to the infiltrating cell which extends the lower limit of the adequate pore size range. The 
majority of cell types have diameters between 10 – 15 µm,49 therefore, electrospun mats that 
possess pores of approximately 10 µm are generally considered of adequate size to allow for cell 
migration.50 Thus for this project, the desired pore size range of 10 – 60 µm is targeted. 
Furthermore, for the targeting of small-diameter vessels, it is imperative that the scaffold possess 
mechanical properties that closely mimic native vessel in efforts to avoid mismatches in 
compliance. Based on the properties of coronary arteries, the mechanical properties that are being 
targeted are an elastic modulus between 1.06 – 2.31 MPa, an ultimate tensile strength between 1.05 
– 11.14 MPa and an elongation at fail from 45 – 138 %.5,11-18 
 
2.2.2 Tissue Engineering of Blood Vessels 
Over the past three decades there has been an array of different approaches towards TE of small-
diameter blood vessels. These approaches vary in a number of parameters including differences in 
the choice of material and/or combination of materials used, the construct architecture, the type of 
cells used during seeding and the seeding technique used. However, despite the array of approaches 
towards the development of TE vascular grafts, each can generally be classified into one of the 
following five major methodologies known as endothelialised synthetic grafts, collagen-based 
grafts, cell-based grafts, cell-scaffold-based grafts, and acellular grafts.22,48,51-53    
  
One of the earliest and most widely studied approaches towards TE vascular grafts involves seeding 
a layer of endothelial cells (EC) onto the internal surface of the synthetic grafts to supply anti-
thrombogenic properties.48,52,54-57 This method requires EC to be harvested from the patient, 
subsequently seeded onto the synthetic graft and implanted as a vascular graft. The majority of the 
research towards this methodology is aimed at optimising EC attachment, coverage and survival on 
the synthetic grafts.48 Furthermore, the fact that the grafts are made from synthetic materials that are 
non-biodegradable, such as expanded polytetrafluoro ethylene (ePTFE) or Dacron® means that 
these grafts cannot undergo any remodelling process once implanted and hence, the synthetic 
material becomes a physical barrier to long-term adaptation of the vessel.48,51,52,56,57  
 
In view of the limitations of the endothelialised synthetic grafts, researchers began investigating 
collagen-based blood vessel substitutes.48,51 This methodology uses a collagen gel matrix, which is 
seeded with cells.51,54,55 The collagen acts as an ideal substrate for cell attachment and cell 
signalling and also allows remodelling of the graft after implantation in vivo.51,53 However, collagen 
gels do not exhibit the appropriate mechanical properties for vascular applications.4,22,52,54,55 The 
mechanical strength can generally be improved by the incorporation of some physical structural 
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component such as a graft, or through cell-mediated enhancement. Many cell-mediated 
improvements have been attempted and include culturing techniques over a central mandrel to 
induce circumferential orientation of the cells, increasing the collagen concentration within the gel, 
magnetic pre-alignment during the formation of collagen fibrils, glycation of the collagenous matrix 
using glucose or ribose during culturing, and using dynamic mechanical stimulation to further 
induce cell-mediated remodelling of the collagen scaffold.4,22,51-53 Despite these many approaches 
towards improving the mechanical properties of collagen-based grafts, these constructs generally 
exhibit poor mechanical integrity and are still in need of further development.48,51,53 
 
Better mechanical strength has been achieved through the use of cell-based grafts which are formed 
by wrapping sheets of cells and ECM around a mandrel into a tubular shape and then subsequently 
seeded with endothelial cells on the internal surface.48,52,54,58 Firstly, the cellular sheets are grown 
which takes five weeks of culturing, followed by the formation of the tube via wrapping these 
around a mandrel along with a further eight weeks of culturing for the construct to reach full 
maturation.48,54 Cell-based methodologies are therefore limited by the fact that they are currently 
very time-intensive and consequently expensive.4,48,51,52,56,58,59 
  
Cell-scaffold-based grafts involve using a biodegradable scaffold, seeded with vascular cells, 
culturing under pulsatile radial stresses so that the cells produce an ECM, and then lastly the inner 
wall of the construct is seeded with EC before being grafted.2,3,48,51,56,58,59 This technique generally 
involves the harvesting of desired cells from the patient, cell expansion in culture, cell seeding onto 
a synthetic tubular scaffold template for cellular proliferation, dynamic culture in an environment 
that induces tissue formation, (such as in a bioreactor system that exposes the construct to 
physiological pressure to improve construct strength and functional development), histological and 
mechanical evaluation, and finally clinical application as a bypass graft conduit.2,3,48,51,56,58,59 This 
cell-scaffold-based approach has had some success and constructs cultured under pulsatile 
conditions form an appearance that is histologically similar to a native vessel.52 However, just like 
the cell-based method, this approach is limited by the long and costly culturing step which takes 
around eight weeks.51 
 
A way of decreasing the manufacturing time, is by using a decellularised (acellular) construct which 
undergoes cell modification only after it has been sutured as a vascular graft in vivo.52,53 The 
constructs are usually gained from small intestinal submucosa which then undergoes treatment for 
cell removal.22,52,58 These constructs generally exhibit reasonably good properties for a vessel graft, 
however there are challenges faced upon grafting, whereby recruiting cells into an acellular 
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construct is a substantial challenge that is not fully understood.4,51,52 Furthermore the chemical 
treatment used to decellularise the construct can often compromise the native architecture and the 
arrangement of the structural proteins.46,51,53,54,56,58  
 
As mentioned in Chapter 1, one specialised and innovative tissue engineering approach to obtain 
small diameter blood vessels utilises silastic tubing that is implanted within the peritoneal cavity of 
the patient and a vessel is formed around the device consisting of living cells and a collagen matrix 
from the foreign body response.46,57,60-62 This approach allows the possibility for sufferers of 
coronary artery disease (CAD) to grow tissue engineered arteries within their own body to the 
specific dimensions required for grafting. Upon removal this capsule acts as a ‘vascular substitute’ 
that is antigenically acceptable, strong, suturable, able to respond to vasoconstrictor and relaxing 
agents similar to blood vessels of the host, and which also has a non-thrombogenic lining.57,60-62 The 
composition and structure of these vessels is similar to that of a native artery, and the collagen 
matrix supplies high burst strength. The synthesis of elastin occurs by the constituent cells over the 
first month after grafting during their differentiation into fully mature smooth muscle cells. 
However, the initial lack of elastin compared to the native vessel at the time of grafting results in a 
lack of compliance and inevitably leads to graft failure.60  
 
Despite research towards engineering small diameter vascular grafts having been approached from a 
variety of directions, it is well recognised that obtaining a durable and reproducible small diameter 
arterial graft constructed using tissue engineering is still in its development phase.24,25,63-65 
Multidisciplinary translational research which combines science innovations with long-term clinical 
trials that monitor the performance of bioengineered vascular grafts in a magnitude of different 
patients will be required for advancement within this exciting area of medicine.25 Furthermore, 
there are no human implantable tissue engineered vascular grafts using electrospun based scaffolds 
that have preceded to clinical trials.65 
 
2.3 Biodegradable Polymers for Vascular Tissue Engineering 
 
The principle of TE requires that the scaffold construct closely matches the properties of the tissue 
it is aiming to regenerate. For instance, the mechanical properties and degradation profile should 
specifically be tailored for the intended application. A variety of different materials have been 
utilised as scaffolds in attempts to tissue-engineer blood vessels, and these range from ECM 
proteins and other natural polymers to synthetic polymeric materials.3 Greater control of scaffold 
properties is gained using synthetic polymers rather than naturally occurring polymers.3,46  
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One synthetic polymer which has found uses within biomedical applications and possesses 
considerable elasticity and low tensile strength at room temperature is polytrimethylene carbonate 
(PTMC).4 It generally exists as in the amorphous state and has a glass transition temperature (Tg) of 
approximately - 20 °C.66 The degradation of PTMC is very slow (several years) in PBS at 37 oC and 
is unaffected by initial molecular weight, ionic strength of the water, storage temperature and 
shaking motions.67-69 In contrast, in vivo degradation of PTMC is faster and occurs by surface 
erosion without release of acidic compounds.69 However, PTMC alone lacks the appropriate 
strength required to withstand the high arterial pressures of coronary arteries.70 One approach to 
modifying polymer characteristics in order to meet such requirements, is through 
copolymerisation.71 Copolymerisation is very versatile and different material properties can be 
achieved simply by the choice of monomers and their relative ratios used in the copolymerisation 
system.67,72 Therefore, it is desirable to use copolymerization in order to tailor the material 
properties and gain an elastic but still relatively strong material. Of the resorbable polymers 
available, most attention has been paid to polyesters derived from lactic and glycolic acid, both 
acids naturally occurring in the human body, and which possess adequate strength.67 Polymers 
based on PLA and/or PGA are biocompatible, resorbable through natural pathways, and are 
approved by the Food and Drug Administration (FDA) for a number of applications. Like-wise, 
PCL is another polyester which has extensive biomedical uses and is approved by the FDA. 
However, these materials alone are relatively stiff and brittle and can have too high degradation 
rates for certain applications.71  
 
Many monomer combinations have been studied for soft tissue engineering applications, including 
P(TMC-co-CL) for artificial nerve grafts,73,74 P(TMC-co-GA) for degradable sutures,68 poly(L-
lactic acid) and 1,3-Dioxan-2-one copolymers (P(LLA-co-DXO)) for a variety of soft tissue 
engineering applications including controlled release materials for drug delivery 
applications,39,66,75,76 P(TMC-co-LLA) materials77 and polytrimethylene carbonate and d,l-lactic 
acid (P(TMC-co-DLLA)) copolymers for a variety of soft tissue engineering applications including 
artificial nerve guides.39,66,71,75,76,78 The main research groups that detail polymeric materials for soft 
tissue engineering applications include Albertsson et al. and Grijpma et al. A summary of the 
specific materials studied along with their polymer properties and mechanical properties are 
outlined in Table 2.4.  
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Table 2.4. Summary of properties of the polymeric and copolymeric materials used for soft tissue 
engineering applications from previous research.  
Material Tg (ºC) ?̅?n (kg/mol) E (MPa) σmax (MPa) εbreak (%) 
Coronary Arteries5,11-18 - - 1.06 - 2.31 1.05 - 11.14 45 - 138 
PDLLA67,78 46 to 59 291 1400 - 3200 38 - 53 4 - 9 
PTMC67,73,78 -19 to -17 330 5 - 6 1.3 - 18 830 - 920 
PLLA77,79 -  3.2 - 1400 54 - 60 6 
P(TMC-co-DLLA)78 
(20 – 79 mol % TMC) 
-7 to 43 ^  
-9 to 33 # 
171 - 285 5 - 1900 
4 - 1100 
2 - 51 
1 - 38 
7 - 570 
7 - 900 
P(TMC-co-DLLA)67 
(30 – 70 mol % TMC)  
-2 to 23 - - 1.6 - 14 
 
104 - 963 
 
P(TMC-co-DLLA)75 
(54 – 78 mol % TMC) 
-6 to -2 110 - 120 3.8 - 4.2 1.3 - 2.9 650 - 1140 
P(TMC-co-DLLA)39 (a) 
(17 mol % TMC) 
45 ^ 
39 # 
110 0.25 
0.01 
0.24 
0.09 
55 
90 
P(TMC-co-LLA)77 
(15 – 32 mol % TMC) 
28 to 38 38 - 48 650 - 1480 39 - 55 15 - 375 
P(TMC-co-LLA)76 -15 to 50 63 62 36 593 
Tested under; ^ dry conditions and # wet conditions; (a) = porous sample.  
 
2.4 Physical Properties of Polymers 
 
It is imperative to understand the physical properties of polymers as they strongly govern the 
behaviour of the material. The polymer properties commonly examined include the chemical 
group/s and stereochemistry, chain architecture (linear or star-shaped), molecular weight (?̅?n) and 
dispersity (Ð), thermal properties, and degree of wettability. Additionally, in copolymer systems the 
molar composition and chain sequence (random or block) are also important to determine. Since 
these physical properties strongly determine the materials characteristics, they give rise to many 
possibilities to modify and tailor the material properties.67,80-85 However, control over polymeric 
systems can be complicated by the fact that many of the properties inherent to polymers are 
interdependent, making it necessary for polymer chemists to not only understand the physical 
properties of polymers, but to also understand how the properties are interrelated so that they can 
tailor polymeric materials accordingly. For example, many physical properties of polymers are 
directly dependent on the molecular weight of the polymer and generally increase with increasing 
?̅?n before levelling off at some asymptotic value.71,81 Specifically, the thermal properties of 
polymers like the glass transition temperature (𝑇𝑔) and the melting temperature (𝑇𝑚) decrease as a 
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function of decreasing molecular weight with the overall properties dependent on the average chain 
length of the lowest ?̅?n species.81,86,87 For this reason, the values of  𝑇𝑔 and 𝑇𝑚 are often reported 
with respect of the molecular weight of the polymer.81,87 For example, the 𝑇𝑔 of PTMC determined 
by DSC increased from – 26 oC to – 15 oC as the ?̅?n increased from 7 to 42 kg/mol.88 Similarly, the 
crystallinity (ωc) of polymers is also dependent on the polymer ?̅?n such that shorter chains of low 
molecular weight tend to from crystalline domains easier than longer polymer chains as was seen in 
PTMC samples, whereby only those with a ?̅?n of less than 12 kg/mol showed evidence of 
crystallinity and a 𝑇𝑚 of 36 
oC, while higher ?̅?n samples failed to crystallise.88 In addition, during 
polymer degradation and mechanical testing shorter chains result in higher crystallinity through 
annealing and stress-induced crystallisation, respectively.71,89 Furthermore, at constant polymer ?̅?n 
the dispersity (Ð) also has a profound effect on the polymer properties.81  
 
The thermal properties of polymers are also dependent on one another, making them difficult to 
isolate and control individually. For example, larger crystallites such as those developed from 
annealing obviously produce increases in the crystallinity content, however, larger crystals also 
significantly increase the melting temperature.81 The thermal properties of copolymers are also 
interdependent on other polymer properties, such as the chain sequences.81 For instance, a blocky 
chain sequence usually exhibits two glass transition temperatures, while a more random chain 
sequence exhibits only one.90 In addition, the melting temperature of copolymers depends on the 
monomer sequence, as well as the crystallinity which is lower for random chain sequence over a 
blocky chain sequence.91 The 𝑇𝑚 of polymers is also affected by the extent of chain stiffness such 
that increased chain stiffness increases the 𝑇𝑚.
81 Like-wise, the 𝑇𝑔 depends on the chain stiffness 
with stiffer chains having higher values of  𝑇𝑔 than flexible ones, which can be raised even further if 
polar interactions occur between neighbouring polymer chains.81 The 𝑇𝑚 and crystallinity of 
polymers can also be affected by the extent of chain branching such that increasing the chain 
branching increases the 𝑇𝑚 and crystallinity of polymers.
81  
 
2.4.1 Controlling Polymer and/or Copolymer Properties 
The physical properties inherent to polymers and copolymers can be controlled in a variety of ways. 
Some approaches to control these properties include the choice of monomer/s used; synthetic 
approach and specific synthesis conditions; and polymer processing method.  
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2.4.1.1   Choice of monomer/s to Control Polymer Properties  
One of the most effective ways to control basic material behaviour is through the selection 
of monomer/s and their stereochemistry.83,85,92-94 Simply choosing a monomer with different 
chemical groups can offer control over the thermal properties, wettability, mechanical properties 
and degradation behaviour of the resultant polymer.77,89 For instance, as the degradation rate of 
polymers is dependent on the hydrolysis rate of the polymer chains which increases in the order of 
carbonate, ester, and anhydride functionality,89 they can thus be controlled by the selection of the 
monomers.83 In addition, accelerated degradation of polycarbonates, which normally resist 
hydrolysis for over a year, can be achieved through copolymerising with polyesters.89 Like-wise, 
accelerated degradation of polylactides can be achieved through copolymerisation with other 
monomers such as glycolide which renders more hydrophilic copolymers that are more prone to 
hydrolytic chain scission.82,95 Furthermore, copolymerising the LLA monomer with other 
monomers like TMC, GA or CL also reduces the thermal properties of the resultant copolymers and 
influences the mechanical properties and degradation rate.67,77,82,95,96 For example, increasing the 
TMC content in P(TMC-co-LLA) copolymers decreases the 𝑇𝑔, 𝑇𝑚 and crystallinity, reduces the 
tensile strength whilst the elasticity is increased.67,77 Thus, copolymerising with monomers that 
differ greatly in their properties allow control over the copolymer properties that are often strongly 
affected by the molar composition.67 
 
2.4.1.2   Choice of Synthetic Approach and Synthesis Conditions to Control Polymer  
Properties  
The properties of polymers can be easily controlled through the polymerisation method and 
the specific reaction conditions. Within the ring-opening polymerisation (ROP) synthetic method 
alone, the choice and concentration of the initiator and/or catalyst, reaction time and temperature, 
purity of monomers, feed composition and atmospheric experimental conditions effect the physical 
properties of the resultant polymer/copolymer in terms of the molecular-weights and dispersity, 
thermal properties, polymer composition, chain microstructure (random or block) and yield. One of 
the most easily controllable properties of polymers/copolymers is the ?̅?n which can be modified by 
any of the following synthetic reaction conditions; purity of monomers75,77,97,98 extent of anhydrous 
conditions,75,77,97,98 type and concentration of catalyst,97,99-101 type and concentration of 
initiator,97,101 monomer feed composition,77,102 reaction time77,98,100,102 and reaction temperature.100-
103 For example P(TMC15-co-LLA85) copolymers reacted at 110, 130 and 150 
oC were 239, 161 and 
67 kg/mol, respectively, indicating that the ?̅?n was higher when the reactions were conducted at 
lower temperatures.81 Copolymers obtained at higher temperatures often have lower  ?̅?n due to the 
occurrence of transesterification reactions at elevated temperatures.101 This was also seen during 
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P(TMC-co-DLLA) synthesis whereby the ?̅?n decreased when the reaction temperature was higher 
than 140 oC.100 The reaction time was also found to effect these P(TMC-co-DLLA) systems such 
that the ?̅?n increased with reaction time up to 40 hours, after which the ?̅?n began to decrease.100 
Like-wise, the catalyst concentration affected the ?̅?n of the P(TMC-co-DLLA) copolymers which 
decreased with increasing catalyst concentration in the range examined.100 In other systems, using 
catalysts designed with different ligands (for example organolanthanides with varying ligand 
spheres) has been shown to produce polymers with controlled molecular weight.99 Furthermore, for 
the synthesis of P(TMC-co-LLA) copolymers, changing from using zirconium(IV) actylacetone as 
an initiator to using the catalyst Sn(Oct)2 caused the ?̅?n to increase.101 In addition, the presence of 
trace impurities, such as water, can initiate polymerization which increases the number of the 
initiation centres, and thus, lowers the ?̅?n.75,77,97,98 It has been reported that the ?̅?n of P(TMC-co-
LLA) copolymers is strongly dependent on the number of times that the TMC monomer is 
recrystallised.77 When TMC was recrystallised twice from a THF and ether mixture it still retained 
some impurities, as detected by 1H NMR, and subsequently when used in ROP with LLA a low ?̅?n 
P(TMC-co-LLA) copolymer of 10 kg/mol was obtained.77 In contrast, when the TMC monomer 
was recrystallised six times, less impurities were detected by 1H NMR and a P(TMC-co-LLA) 
copolymer with a higher ?̅?n of 42 kg/mol was obtained. Thus, the ?̅?n was significantly lower when 
the monomers, specifically the TMC monomer, was recrystallised twice rather than six times.                        
 
The thermal properties of polymers/copolymers are also easily controlled by many of the reaction 
conditions including the type and concentration of the initiator101,104 and catalyst,96,101,104 the 
reaction time96 and temperature,96,103 and the monomer feed composition.77 For example, the 
reaction temperature affected the crystallinity in the resultant P(TMC-co-LLA) copolymers of the 
same feed ratio, such that at 110 oC the polymeric chains preferentially formed long PLLA 
segments and resulted in 7.7 % crystallinity, while the copolymers conducted at 130 and 150 oC 
were both amorphous.103 Like-wise, the chain microstructure (i.e. random versus blocky) can be 
controlled by a number of different reaction conditions such as the type and concentration of 
catalyst and initiator,84,104 reaction temperature and time,101,103 and monomer feed composition.82,84 
For example, at elevated temperatures of 130 and 150 oC the reactivity ratios of the TMC monomer 
increased which created highly randomised P(TMC-co-LLA) copolymers as compared to at 110 oC 
in which the TMC reactivity ratio is much lower than LLA and thus resulted in a more blocky 
microstructure.81 Similar results were seen in another study, where despite having identical 
monomer feed compositions, adjustments of the copolymerization temperature led to P(TMC-co-
LLA) copolymers of different chain microstructures from multiblock to highly randomized 
structures.101 In addition, even when the reactivity ratios of the TMC and LLA monomers are very 
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different, random P(TMC-co-LLA) chain microstructures can still be obtained as long as the 
temperature is high enough and the reaction is left for a sufficiently long enough time for 
transesterification reactions to occur.101 However, the occurrence of transesterification between 
growing branches during the ROP also results in an increased dispersity of approximately 2.97 The 
choice of initiator or catalyst influences the monomer reactivity ratios and therefore can drastically 
affect the microstructure of synthesised polymers and copolymers. When P(TMC-co-DLLA) 
copolymers were synthesised using either SmI2/Sm, LaCl3 or Zr(acac)4, the reactivity ratio of 
DLLA was an order of magnitude larger than that of TMC which resulted in the DLLA monomer 
being consumed significantly faster than TMC and thus blocky microstructures with relatively long 
PDLLA blocks where obtained.105 Conversely, using tin-based catalysts resulted in the DLLA, LLA 
and TMC monomers having similar reactivity ratios and thus random P(TMC-co-DLLA) and 
P(TMC-co-LLA) copolymers were synthesised.105 
 
The final copolymer composition can be controlled during ROP by the reaction time and 
temperature, which was demonstrated in a study that polymerised TMC with LLA at a monomer 
feed ratio of 15:85.103 Conducting the synthesis at the same temperature of 130 oC but for 24 hours 
versus 48 hours, resulted in 82.8 and 84.0 % LLA content in the final copolymer, respectively, 
indicating that reaction time affects the composition.103 Like-wise, the LLA incorporation increased 
to 87.3 % from 84.0 % when the reaction temperature of 110 oC was used instead of 130 oC for 48 
hours, thus indicating that temperature affects the composition.103 In addition, the reaction 
temperature can affect the polymer/copolymer yield, as can the catalyst concentration.100 Lastly, the 
order of monomer addition and the use of sequential polymerisations rather than just a one pot 
synthesis can also result in control over the chemical architecture from linear polymers through to 
star-shaped polymers. 
 
2.4.1.3   Choice of Polymer Processing Technique to Control Polymer Properties 
The choice of processing method is important as processing can cause changes to the 
physical properties of polymer/copolymer materials. Processing techniques, including solvent 
casting or compression moulding into films or rods and scaffold methodologies such as those 
outlined in Table 2.3 in Section 2.2.1, often involve the use of high processing temperatures and/or 
the use of organic solvent/s, which can cause thermal degradation with decreased molecular-weight 
and changes in the dispersity and the potential of residual solvent/s. Specifically, the thermal 
properties inherent to as-polymerised polymers and copolymers have been altered when the rate of 
cooling during processing was increased which saw the crystallinity and melting temperature of the 
processed material decrease.96 Like-wise, the use of solvent/s during fabrication can result in traces 
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of the solvent/s remaining after processing. Residual solvent not only causes possible 
biocompatibility and cytotoxicity issues as mentioned in Section 2.2.1, but also even in small 
amounts the presence of solvent plasticizes the material lowering the 𝑇𝑔 and thus strongly affects 
the mechanical properties of the material.71 Applying a post heat treatment to P(TMC-co-LLA) 
copolymers was found to increase the mechanical properties.106 P(TMC16-co-LLA84) copolymers 
were tensile tested before and after heat treatment under vacuum at 100 oC for 2 hours by Han et 
al.106 It was found that heat treatment increased the stiffness of the copolymer samples from 738 to 
2328 MPa, and showed an increasing trend in the tensile strength from 26.5 to 39.7 MPa, 
respectively. It was suggested that the improvement in the mechanical properties of the heat treated 
samples was from the removal of internal stress and imperfections of the material.106 In general, the 
mechanical properties of polymers can be further improved by optimizing the processing 
parameters of the specific polymer processing method being employed.90 Furthermore, the thermal 
properties of polymer/copolymer devices post processing may change as a function of storage time 
which leads to changes in the materials mechanical properties.107 Processing can also change the 
surface properties (such as roughness) of the polymer/copolymer material and hence alter the 
surface wettability. Surface wettability often affects the rate of water uptake of the polymer which 
can have important consequences for its thermal and mechanical properties during its lifetime as a 
biomedical device. Furthermore, protein-polymer interactions are particularly dependent on the 
extent of hydrophilicity of the polymer surface and directly influences cell-material interactions 
which ultimately govern the biocompatibility of the biomedical device.71 Lastly, polymer 
processing gives rise to many possible final sample dimensions which affect the degradation rate of 
polymers.108  
 
2.4.1 Polyester Carbonates 
Polyester carbonates offer a wide range of material properties and are well documented in the 
literature, having been investigated for a varied and vast number of applications including, heart 
tissue engineering, drug delivery, nerve end guides, wound dressing, biomaterial coatings and as 
biodegradable internal fracture fixation devices.69,74,107,109 The synthesis of polyester carbonates is 
commonly performed via ROP in the presence of a catalyst and/or initiating species. Despite the 
multitude of different materials available to researchers for potential use as biomaterials, the 
majority of research focuses on using materials which are approved by the FDA.71 Thus, within 
copolyester carbonates, the ester functionality is commonly introduced via, although not limited to, 
the following monomers; CL, GA, DLLA, LLA and/or d-lactide (DLA) and like-wise the carbonate 
functionality by trimethylene carbonate (TMC) or derivatives of this polymer. 
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Prior to commencing this project in March 2008, there were a number of linear polyester carbonate 
systems that had been synthesised and investigated. Among them were triblock copolymers of 
P(LLA-TMC-LLA),66,75,91,104,110 P(DLA-TMC-DLA),66,75 P(DLLA-TMC-DLLA),75,91,104 P(TMC-
CL-TMC)88 and P(TMC-LLA-CL),111 block copolymers of P(TMC-co-
LLA),76,84,91,92,101,102,104,109,112 P(TMC-co-DLLA)91,104 and P(TMC-co-CL),102 and statistical 
copolymers of P(TMC-co-DLLA),23,39,67,71,75,78,86,91,98,100,104,113-115 P(TMC-co-DLA),98 P(TMC-co-
LLA),77,80,82,96,98,107,116 P(TMC-co-CL),83,89,97,102,117,118 and P(TMC-co-GA).119,120 More complex 
linear polyester carbonates consisting of statistical copolymer segments within A-B block 
copolymers or A-B-A triblock copolymers have also been synthesised and investigated. These 
include; P((TMC-co- CL)-block-(DLLA-co-GA))97 block copolymers in which the A and B blocks 
are statistical copolymers of TMC with CL and DLLA with GA, respectively; and P(LLA-(CL-co-
TMC)-LLA)121 triblock copolymers in which the B segment consists of a random copolymer of CL 
and TMC. Furthermore, more complex copolymer architectures, such as star-block polyester 
carbonates have also been studied, such as P(TMC-co- CL) and P((TMC-co-CL)-block-(DLLA-co-
GA)) star-block copolymers.97 Of these different polyester carbonates, the most extensively 
researched polyester carbonate systems are statistical copolymers of P(TMC-co-DLLA) which have 
been thoroughly studied by Grijmpa and his research group at the University of 
Twente.23,39,71,75,78,86,113 In particular, these P(TMC-co-DLLA) copolymers have been shown to have 
good properties for soft tissue engineering applications. Conversely, the P(TMC-co-LLA) statistical 
copolymer system, although chemically similar but utilising the semicrystalline LLA monomer (l-
lactide isomer) rather than the amorphous DLLA monomer (50/50 racemic mixture of l-lactide and 
d-lactide isomers), is far less studied with less than fifteen publications identified using P(TMC-co-
LLA) materials, in one way or another, prior to 2008.77,80,82,91,96,98,101,104,107,116,122-124  
 
In 1990 Draney et al.80 synthesised a P(TMC70-co-LLA30) copolymer via ROP at 190 
oC for 2 hours 
using diethylene glycol as a coinitiator and Sn(Oct)2 as the catalyst, and investigated how 
1H and 
13C NMR studies could be used to give sequence information about this copolymer. The P(TMC70-
co-LLA30) copolymer had an intrinsic viscosity of 0.78 dL/g and the publication included the 1D 
and 2D NMR analysis of the copolymer, however, no other characterizations or testing were 
performed.80    
 
In 1992 Grijpma et al.107 published preliminary results for the synthesis of P(TMC-co-LLA) 
copolymers with compositions which included up to 30 mol% TMC, as determined by 1H NMR 
analysis.107 These copolymers were prepared via ROP at 110 oC for 10 days using Sn(Oct)2 as the 
catalyst. They had intrinsic viscosities between 8 to 10 dL/g and the paper reported preliminary 
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results for the impact strength of these materials with focus on fracture fixation applications. 
Materials did not undergo any further characterisations or testing such as DSC, mechanical or 
degradation studies.107 A couple of years later, in 1994 Grijpma et al. investigated how 
copolymerising LLA with a number of different comonomers, namely DLA, GA and εCL, 
influenced the thermal, degradation and mechanical properties of the resultant materials.82,96 
Although it formed only a small part of the publication, included in this study was a P(TMC10-co-
LLA90) copolymer which was synthesised via ROP at 110 
oC for 7 days using Sn(Oct)2 as the 
catalyst. These publications, primarily focussed on the development of biodegradable polylactide 
materials for use in maxillofacial fracture fixation applications.      
In addition, in 1998 Ruckenstein et al.77 synthesised P(TMC-co-LLA) materials via ROP at 
110 oC for 12 to 96 hours using Sn(Oct)2 as the catalyst. The copolymers were synthesised to 
incorporate 5 – 33 mol% TMC and the effect of TMC content on the molecular-weight, thermal and 
mechanical properties of the copolymers was investigated. The copolymers were characterised via 
GPC, 1H NMR, FTIR, DSC and Instron testing. However no degradation studies were completed.77 
 
In 1999 Matsumura et al.98 synthesised P(TMC-co-LLA) copolymers via ROP at 100 oC for 7 days 
using porcine pancreatic lipase as the catalyst. 1H NMR, SEC and DSC analysis revealed that 
copolymers contained between 9 to 48 mol% TMC content, were of low molecular-weight (?̅?w < 
21 kg/mol), narrow dispersity (ĐM = 1.3 – 1.7) and had Tg values which linearly decreased with 
increasing TMC content from 36 to 11 oC. An accelerated in vitro degradation study was performed 
on the P(TMC17-co-LLA83) material in 0.1 M potassium phosphate buffer (pH 7.0) at 37
oC for 24 
hrs with the pH varied between 6 to 8 and the proteinase K enzyme added. It was found that the 
copolymer was not degraded without lipase present within the test conditions. No mechanical 
analysis or long-term degradation studies of these materials was performed.98  
 
Tsutsumi and co-workers synthesised a range of polyester carbonates using SmMe(C5Me5)2THF or 
Bu2Sn(OMe)2 as the initiator in toluene, between 2002 and 2005.
91,104,122 Included were P(TMC-co-
LLA) copolymers which were subsequently characterised via 1H and 13C NMR, GPC and DSC 
analysis. Nine molar compositions were synthesised with random sequence distribution and 3 – 90 
mol% TMC content which were obtained in reasonable yields of 49 – 95 % and had ?̅?n values 
between 18 – 171 kg/mol. Enzymatic and compost degradation studies were performed on seven 
selected molar compositions and monitored by mass loss. Specifically, the P(TMC29-co-LLA71) was 
additionally monitored, for a single enzyme condition, via GPC analysis which showed the TMC 
content increases from 29 to 35 mol% TMC as a function of during time. Additionally, tensile 
mechanical tests were performed on P(TMC3-co-LLA97) and P(TMC9-co-LLA91) copolymers which 
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revealed an elastic modulus of 49 – 101 MPa, σmax of 29.4 – 35.4 MPa, and εbreak of 595 – 1198 %. 
Furthermore, in 2003 Zhu et al.123 synthesized one P(TMC12-co-LLA88) copolymer which was used 
for microsphere preparation and drug encapsulation research and is assumed to be random in chain 
sequence, however, no NMR analysis was performed to confirm.   
 
In 2005 Agarwal et al.116 used ROP with a SmI2/Sm initiator to copolymerize TMC and LLA with 
molar feed ratios containing between 14 – 61 mol% TMC. Reactions were conducted at 70 oC and 
stopped after 50 mins at low conversions (yields < 16%). 1D and 2D 1H and 13C NMR were used to 
investigate the microstructure of the copolymers. The amount of LA in the copolymers was found to 
be much higher than the feed ratio by 11 – 42 mol%. The reactivity ratios for LA and TMC were 
calculated to be 7.24 and 0.25, respectively. Leaving the synthesis to reach 78% conversion, a low 
molecular-weight P(TMC38-co-LLA62) copolymer was formed, ?̅?n = 21 kg/mol and ĐM = 1.6. 
Preliminary electrospinning was trialled using this copolymer at 20 (w/v)%  in a 1:1 CHCl3/DMF 
solution. Only one set of parameters are reported and the fibers produced (ranging from 0.2 – 3 µm 
in diameter) exhibited strong deviations from the thermodynamic state with an endothermic peak 
superimposed over the Tg, as identified from DSC analysis, suggesting non-ideal electrospinning 
conditions. The electrospinning evident in the publication was attempted to primarily show the 
elecrospinnability of a specific P(TMC38-co-LLA62) material. No parameter space investigations or 
different P(TMC-co-LLA) copolymer compositions were investigated in any way. Furthermore, no 
mechanical or degradation studies are reported.116  
In addition, in 2006 Dobrzynski et al.101 used zirconium(IV) actylacetone, Zr(acac)4, as an 
initiator for ROP of TMC and LLA at different reaction temperatures, either 110 – 120 or 180 oC. 
1H and 13C NMR, GPC and DSC were performed to characterise the products which were found to 
contain 14 to 70 mol% TMC content and have ?̅?n values between 37 to 99 kg/mol. The copolymers 
synthesised at the lower reaction temperature were found to have a multiblock chain sequence, 
while those synthesised at the higher temperature had a random chain sequence. This was related to 
the intensive intermolecular transesterification reactions that occur when a higher reaction 
temperature is employed.101 Lastly, in 2007 Franco et al.124 synthesised a P(TMC32.5-co-LLA67.5) 
copolymer by ROP at 150 oC using Sn(Oct)2 as the catalyst which was found to have a blocky 
distribution, ?̅?LLA = 17 and ?̅?TMC = 2, and high crystallinity of 40 %.124  
 
As mentioned in Section 1.6, statistical P(TMC-co-LLA) copolymers have become an active 
research area with more than fifteen papers published utilising these materials since commencing 
this PhD project in 2008.69,72,103,105,106,125-138 Within these publications, statistical P(TMC-co-LLA) 
copolymers have been synthesised,69,72,103,105,106,127-134,136-138 mechanically tested,106,129,130,135 their 
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degradation both in vitro69,72,127,131,136 and in vivo studied,134 electrospun into mats103,135 and 
undergone drug elution studies from films.131,132  
Proceeding and in connection to the publication by Dobrzynski et al.101 in 2006, there is a 
body of work focused around P(TMC-co-LLA) copolymers completed by a collaboration of 
researchers lead by Piotr Dobrzynski, Janusz Kasperczyk, Suming Li and Zhiqian Lu.69,106,127,131-134 
Within this body of work, Hua et al.,69 Kasperczyk et al.131 and Jelonek et al.132 replicated the 
synthetic method outline by Dobrzynski et al.101 to obtain four random P(TMC-co-LLA) 
copolymers containing between 18 – 49 mol% TMC content. Hua et al.69 focused on two of these 
random copolymers in conjunction with blocky P(TMC-co-LLA) copolymers to investigate how 
different molar compositions and chain microstructures influence the in vitro degradation behavior 
of these materials. These were found to be important parameters for degradation, as various 
degradation profiles and degradation rates were obtained for these materials depending on their 
chemical composition and chain microstructure.69 Leading on from this result, Kasperczyk et al.131 
and Jelonek et al.132 focused on investigating how chain microstructure influences the release of 
immunosuppressive drugs, namely cyclosporine A and rapamycine, from P(TMC-co-LLA) 
copolymer matrices. All systems degraded slowly enough to provide long term drug delivery, 
however, the random mircrostructures were amorphous and showed even degradation behavior with 
constant molar composition, and thus, displayed uniform drug release profiles, while the blocky 
microstructures had were semicrystalline and showed uneven drug release.131,132  
Han et al.106,127 also contributed to this body of work, with focus on evaluating composites 
made from P(TMC-co-LLA) copolymers reinforced with short P(LLA-co-GA) fibers as potential, 
fully bioresorbable cardiovascular stent/stent coating material. To assist in these investigation four 
P(TMC-co-LLA) copolymers were synthesized using zinc lactate, Zn(lac)2, as the catalyst at 140 
oC 
for 120 hours with compositions between 16 – 25 mol% TMC content and ?̅?n values between 51 – 
119 kg/mol. These copolymers were processed into 200 µm thick films via a combination of solvent 
casting and compression molding methods. Tensile testing was performed on these samples, as well 
as after heat treatment under vacuum at 100 oC for 2 hrs, which was found to improve the 
mechanical properties, (i.e. increased E and σmax). The improvement with heating was thought to be 
due to the removal of internal stress and imperfections of the material which assists the mechanical 
performance of the samples.106 In vitro degradation studies were performed at 37 oC in buffer at pH 
7.4 which resulted in a decrease in the LLA:TMC ratio as a function of degradation time, 
suggesting preferential degradation of the LLA units compared to TMC units.127 
 
Like-wise, Yang et al.133 and Guo et al.134 synthesized P(TMC50-co-LLA50) copolymers using 
Zn(lac)2 as the catalyst and evaluated their haemo-, histo- and cyto-compatibility, along with their 
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in vivo degradation behavior. These copolymers had very low cytotoxicity and they exhibited very 
low haemolytic ratios and low inflammatory cells counts, which indicate good haemolytic and 
histo-compatibility properties, making these materials suitable for cardiovascular stent/stent coating 
material applications.133,134 In addition, Scislowska-Czarnecka et al.125,126 conducted osteoblast, 
fibroblast and macrophage cell experiments on P(TMC50-co-LLA50) copolymers that were 
synthesized and supplied by Dobrzynski using Zr(acac)4 initiation. The osteoblast and fibroblast 
cell viability experiments showed that the P(TMC50-co-LLA50) copolymer does not possess 
improved cyto-compatibility compared to PLLA.126 Macrophage adherence experiments also found 
that the P(TMC50-co-LLA50) copolymer has an unfavorable effect on cell adhesion and capacity to 
stimulate production of inflammatory mediators and up-regulates macrophage activity compared to 
PLLA.125     
 
A number of publications focused primarily on the synthesis of these materials, which includes that 
by Guerin et al.105 who performed ROP of cyclic TMC and LLA monomers using three different 
catalyst systems, in conjunction with benzyl alcohol as a co-initiator, and investigated their effects 
on the polymerization kinetics and microstructure of the resulting copolymers using 1H and 13C 
NMR and SEC analysis. It was found that two catalysts had large differences in the reactivity ratios 
of the monomers and formed blocky copolymers, while the polymerizations performed using the 
guanidine-based organocatalyst 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) resulted in random 
copolymers as the reactivity of each monomer was of the same order of magnitude.105 In addition, 
Sobczak et al.128 synthesized three P(TMC-co-LLA) copolymers via ROP using creatinine initiation 
at 140 oC for 72 hours. The copolymer products were gained in relative yields (43 – 58 %), had 28 – 
44 mol% TMC incorporation and were of low ?̅?n (2.4 – 3.6 kg/mol). These materials were then 
used for making macromolecular conjugates of paclitaxel drug release devices.128 Similarly, Yang 
et al.129 synthesized a P(TMC30-co-LLA70) copolymer then added varying amounts of 
Mg3Si4O10(OH)2 (talc) filler into the copolymers to form P(TMC30-co-LLA70)/talc films which were 
subsequently characterized and tested for potential applications as food packaging materials.129  
 
Plikk et al.130 synthesised a 86 kg/mol P(TMC21-co-LLA79) copolymer via ROP at 140 
oC for 72 
hours using Sn(Oct)2 in very low concentrations as the catalyst (monomer to catalyst ratio = 
10,000:1) and ethylene glycol as co-initiator. Porous tubular scaffolds were made from the 
P(TMC21-co-LLA79) copolymer via a combination technique involving solvent casting and salt 
leaching. These scaffolds had internal diameters of 1.5 mm and upon tensile testing it was found 
that the scaffolds demonstrated suitable ductility and strength for ease of handling during suture for 
potential nerve regeneration applications.130 
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In 2008 Truong et al.72 synthesized random P(TMC13-co-LLA87) and P(TMC17-co-LLA83) 
copolymers of low molecular weight, ?̅?n = 12 – 17 kg/mol, compression molded these materials 
into wafers 600 µm thick and subsequently degraded them in vitro. At day 60 the water uptake was 
found to be < 5 % for both compositions, while the mass loss was higher and found to be 
compositionally dependent, at 43 % for the P(TMC17-co-LLA83) copolymer and 15 % for the 
P(TMC13-co-LLA87) copolymer. The study demonstrated that these materials are bulk degrading 
with the degradation rate increasing with increased TMC content within these copolymers, within 
the narrow composition range studied.72  
Dargaville et al. synthesized a range of P(TMC-co-LLA) copolymers of low ?̅?n, however, 
these materials were then end-functionalized with acrylate and subsequently cross-linked using UV 
light before undergoing testing.137,138 Mukherjee et al.135 processed commercially available 
P(TMC30-co-LLA70) with an ?̅?n = 84 kg/mol, ĐM = 1.7, 𝑇𝑔 = 33 
oC, 𝑇𝑚 = 166 
oC and ωc = 36.6 %, 
via electrospinning using a 70:30 ratio of DCM to DMF at a solution concentration of 12 w/v %.  
The voltage was set to 16 kV, needle to collector distance to 15 cm and the polymer solution flow 
rate to 0.6 mL/hr. The average diameter of the fibers was found to be 530 ± 110 nm and the mats 
were completely amorphous after processing, as detected through DSC analysis. Tensile testing 
revealed that these materials exhibited an elastic modulus of 19 MPa at 37 oC which is nearing the 
magnitude of native heart tissue. Cell investigations using cardiomyocytes found P(TMC30-co-
LLA70) nanofibers aided the cell/biomaterial integrating process and were able to preserve the 
ability to develop intercellular interactions with the cells and maintained normal morphology and 
functioning. Furthermore, P(TMC30-co-LLA70) was found to be a better substrate than PLLA and 
tissue culture plastic (TCP), demonstrating better adhesion and enhanced proliferation, thus making 
this polymer attractive for myocardial regeneration.135 
 
Ji et al.103 synthesized P(TMC-co-LLA) copolymers via ROP and investigated the relationship 
between reaction conditions and the resultant copolymer properties. The reaction conditions were 
found to affect the microstructure of the resultant copolymers such that lower temperatures and 
longer reaction times resulted in higher LLA content, long LLA chains with higher ωc and higher 
?̅?n values. The P(TMC15-co-LLA85) copolymer was processed into nano-scaled porous films via 
electrospinning using a 70:30 ratio of DCM to DMF at a solution concentration of 4 w/v %. The 
voltage was set to 20 kV and the polymer solution flow rate to 1 mL/hr. The average diameter of the 
fibers was found to be 297 ± 103 nm. Mouse fibroblast cells were cultured onto the P(TMC15-co-
LLA85) electrospun films which showed good cell spreading, implying good cell affinity and 
furthermore demonstrated enhanced cell biocompatibility as compared to electrospun PLLA mats. 
This was thought to be attributed to the flexibility of the P(TMC15-co-LLA85) electrospun films.
103  
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Leading on from this work, most recently in 2013 Li and Ji et al.136 synthesized P(TMC15-co-
LLA85)  and P(TMC50-co-LLA50) copolymers along with their parent homopolymers and 
investigated their in vitro degradation behavior. These materials were found to be bulk degrading, 
with a constant composition as detected through 1H NMR until week 20, while the 𝑇𝑔 was found to 
be reduced and the crystallinity increased as a function of degradation time.136   
 
2.5 Scope of Project and Project Significance  
 
In an effort to develop a successful small-diameter artificial graft, this project aims to take a TE 
approach to assist with the existing peritoneal cavity technique. This approach simply utilises the 
foreign body response to form a fibrous capsule, which can then be used as an ‘artifical artery’ for 
bypass surgery. In general these biological constructs have a morphology and histology similar to 
that of an artery, with the exception of the initial elastin constituents which are present at very low 
amounts in comparison to native vessels, and thus cause the graft to fail.60 It is essential that the 
electrospun scaffolds are elastic, to mimic the elasticity of coronary arteries, which is where the 
peritoneal approach is lacking.57,60 To overcome this problem it is desirable that the tissue be grown 
within an elastic polymeric scaffold to supply the peritoneal grown vessel with elastic properties 
within the first month after grafting and up to the point where the cells have differentiated and are 
synthesising appropriate levels of elastin to give the graft adequate compliance and remain patent. It 
is necessary that the scaffold allows the growth of the tissue both within the peritoneal cavity and 
during the vessel remodelling process after grafting. It is also desirable that the scaffold degrades 
within a 1.5 – 3 month time period from when it’s implanted into the peritoneal cavity. This will 
allow sufficient time for the vessel to be grown (currently 2-3 weeks)60 and for the mature smooth 
muscle cells (SMC’s) to reach the stage of synthesising elastin after transplantation.  
 
Specifically for the application in blood vessel engineering, it is imperative that the scaffold possess 
mechanical properties that closely mimics native vessel in efforts to avoid mismatches in 
compliance. Therefore, for this project a copolymer with the specific mechanical properties as 
outlined in Section 2.1 and a degradation time is between 1.5 – 3 months from once it’s implanted 
into the peritoneal cavity is required. From Table 2.4 it is evident that a range of potential 
copolymer materials are available with reasonable properties appropriate for this application. In 
particular, previous studies have concluded that P(DLLA-co-TMC) copolymers are good candidates 
for soft TE small applications.71,78 However, in general the L-lactide isomer is less brittle139 and 
possesses higher biocompatibility than D-lactide,140 making it the superior choice for medical 
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applications. In addition, P(LLA-co-TMC) copolymers had not been as well studied as P(DLLA-co-
TMC) materials and therefore their full potential is still to be established. 
 
Tissue engineering approaches toward the development of ‘small-diameter arterial substitutes’ face 
many substantial challenges that need to be overcome before the ideal vascular substitute can be 
developed. The entirety of this task is beyond the scope of this PhD project, and therefore the main 
focus lies in the development of elastic and degradable polymeric scaffolds, with optimised and 
adjustable mechanical properties and degradation profiles. Control over the scaffold mechanical 
properties, specifically the compliance, will allow for optimal scaffold properties, and in turn this 
work will have applications across a number of vascular tissue-engineering approaches.  
 
The synthesis of P(TMC-co-LLA) copolymer systems has been extensively investigated and is the 
focus of many research publications as outlined in detail in section 2.3.1. However, there are very 
few publications that have focussed on processing these materials through the electrospinning 
technique, and each paper specifically used only one set of parameters in conjunction with a single 
copolymer composition to achieve an electrospun mat.103,116,135 In contrast, this study systematically 
varied the parameter space during electrospinning to gain a detailed understanding of the mat 
properties after processing, how they can be controlled, and how they affect the mechanical 
properties. Furthermore, a charged dye was successfully incorporated into these mats via 
electrospinning and underwent in vitro elution studies to access the suitability of these materials as 
potential drug eluding scaffolds, which to the best of our knowledge, has not yet been reported. 
Finally, a detailed degradation study was incorporated to investigate a larger number of copolymers 
so as to gain a deeper understanding of the degradation mechanism, specifically as affected by the 
copolymer ratio. 
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Chapter 3 
 
Experimental 
 
3.1 Materials 
 
A number of chemicals and products were utilised during the experimental part of this project. 
Table 3.1 displays the various chemicals/products used, along with their acronym, purity and 
supplier information. In addition, the solvents used throughout all experiments performed were of 
HPLC grade. 
 
Table 3.1. Summary of the chemicals used throughout the various experiments performed.  
Chemical/Product Acronym Purity Supplier 
Trimethylene Carbonate  TMC - Richman Chemicals, USA 
(3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione LLA 0.98 Sigma-Aldrich 
1,8-diazabicyclo[5.4.0]undec-7-ene  DBU 0.98 Sigma-Aldrich 
1,4-diazabicyclo[2.2.2]octane  DABCO 0.99 Sigma-Aldrich 
Benzyl Alcohol  BA 0.998 Sigma-Aldrich 
Stannous Octoate  Sn(Oct)2 0.95 Sigma-Aldrich 
Sigmacote® - - Sigma-Aldrich 
Phosphate Buffer Saline  PBS - Lonza, USA 
Toluidine Blue O - 0.80 Sigma-Aldrich 
 
3.2 Methods 
  
3.2.1 Copolymer Synthesis 
The monomers trimethylene carbonate (TMC) and (3S)-cis-3,6-Dimethyl-1,4-dioxane-2,5-dione  
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(LLA) were recrystallised from ethyl acetate prior to use. Copolymerisations of LLA and TMC 
were performed via ring-opening polymerisation (ROP). All glassware was freshly silanised with 
sigmacote® and dried overnight at 90 oC before use. Upon completion of each reaction the 
copolymer product was allowed to cool, dissolved in a minimal volume of dichloromethane (DCM) 
and precipitated dropwise into a ten-fold volume of cold methanol with vigorous stirring. The 
purification step was repeated a second time and each copolymer product was dried under reduced 
pressure in a vacuum desiccator at room temperature until constant weight was achieved. 
 
3.2.1.1  Amine Catalyst (DBU and DABCO) 
Reactions were carried out within a fumehood according to the following procedure: 
monomer/s were added to each reaction vessel, along with 10 mL dry DCM, 0.3 - 1.4 mol% benzyl 
alcohol (BA) and either 1.0 - 1.4 mol% 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) or 2.8 - 3.1 
mol% 1,4-diazabicyclo[2.2.2]octane (DABCO). The reactions using DBU were continually purged 
with argon and left at room temperature with stirring to polymerise, while the reactions using 
DABCO were purged with argon and then sealed and heated with stirring on a heating mantle at 
110 ± 2 oC.  
 
3.2.1.2   Sn(Oct)2 Catalyst 
 The method followed for ROP in the bulk using stannous octoate (Sn(Oct)2) was adapted 
from Grijpma et al.1 All freshly silanised glassware and recrystallised monomers were stored under 
an inert nitrogen atmosphere within a glove box prior to use. Reactions were carried out within a 
glove box according to the following procedure: monomer/s were added to each reaction vessel, 
along with 2 × 10-4 mol of Sn(Oct)2 per mol of monomer as a solution in dry DCM. The solution 
was left for 30 minutes for the DCM to evaporate and then sealed and heated with stirring on a 
heating mantle at 130 ± 2 oC for 70 - 139 hours. Throughout this thesis, the copolymer composition 
is expressed in terms of the copolymer name, P(TMCx-co-LLAy), where x refers to the mol% 
incorporation of TMC and y refers to the mol% incorporation of LLA.  
 
3.2.2 2D Solvent Cast Films 
Between 0.97 - 1.19 g of each P(TMC-co-LLA) copolymer product (compositions ranging from 16 
- 49 mol% TMC incorporation) were stirred in a minimal amount of solvent mixture of either 
propylene glycol monomethyl ether acetate (PGMEA) or PGMEA and DCM at room temperature 
until fully dissolved. The solvent mixture used during the film casting was chosen depending on the 
solubility of each individual copolymer sample. The copolymers with low TMC content, (16 and 21 
mol% TMC), were dissolved in a solvent mixture of PGMEA and DCM, while all remaining 
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copolymers with higher TMC content were dissolved solely in PGMEA. The solution concentration 
before casting ranged from 10 - 33 w/w %. Upon dissolution, each solution was poured into a 70 
mm diameter glass petri dish and left on a level surface in a fumehood to cast. The films were then 
further dried within a vacuum oven at room temperature to ensure all the solvent had been removed. 
All films were dried for a minimum of 12 days before undergoing mechanical testing. The resultant 
film thicknesses were within 106 - 295 μm (Kincrome Digital Vernier Caliper).  
 
3.2.3 3D Electrospun Fiber Mats 
Electrospinning was carried out using the synthesised P(TMC-co-LLA) copolymers at five different 
molar compositions; P(TMC9-co-LLA91), P(TMC20-co-LLA80), P(TMC25-co-LLA75), P(TMC32-co-
LLA68) and P(TMC36-co-LLA64). The collector plate was a 10 cm × 10 cm square of aluminium 
foil and the general experimental set-up is shown in Figure 3.1. For each copolymer to be 
successfully electrospun, the solution concentration, applied voltage, collector distance and polymer 
feed rate parameters were varied in order to produce fiber deposition onto the aluminium foil 
collector plate. This generally involved setting up the experiment with a given P(TMC-co-LLA) 
material being dissolved in a solvent mixture made from chloroform (CHCl3) with either N, N-
Dimethylformamide (DMF) or methanol (MeOH). These were made to a solution concentration of 
25 wt% in one of the following solvent mixture ratios; 90/10 CHCl3/DMF, 90/10 CHCl3/MeOH, or 
80/20 CHCl3/MeOH (solutions left stirring in solvent mixture until fully dissolved, 1 - 6 days). A 
certain collector distance (either 10, 15 or 20 cm) and feed rate (1, 2, 4, 5, 10 or 20 mL/hr) were 
applied, followed by turning on the voltage supply and slowly increasing the applied electrical field 
until successful fiber deposition onto the collector plate was visible. In the cases where the fibers 
were not collecting successfully, the process was stopped and the original collector distance and/or 
feed rate was changed and the process repeated until successful fiber deposition onto the collector 
plate was visible. In the cases where changing the collector distance, polymer feed rate and applied 
voltage were still not resulting in a electrospun mat, the solution concentration was changed and the 
process repeated until successful fiber deposition onto the collector plate was visible. In general, the 
electrspinning process for each sample was continued until enough polymer fibers were deposited 
to form a thin mat which could then be gently peeled off the collector plate and subsequently 
imaged via scanning electron microscopy (SEM). The mats needed for subsequent testing or 
studies, (tensile mechanical testing and dye elution study) were electrospun for longer periods of 
time to obtain thicker mats of approximately 100 µm that were robust enough to withstand physical 
handling and the characterisation techniques without having their structure compromised. The mats 
were then further dried in a vacuum oven at room temperature to aid in removal of residual 
solvents. 
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Figure 3.1. The general electrospinning set-up used to produce fibrous electrospun mats. The 
equipment pictured is inside a fumehood (without the fan operating) and the voltage box is located 
on a trolley outside and to the right of the fumehood (not seen in picture). There is a thick cable that 
transfers the high voltage current from the voltage box to the crocodile clamp as pictured (cable is 
black and white in colour). Clamped within this high voltage crocodile clamp is a 21G blunt needle 
tip from which the polymer solution is extruded. The feed rate of the solution is controlled by the 
syringe pump which pushes the polymer solution out of the glass syringe end at a set rate, through 
the connection tubing to the needle tip under high voltage. The electic field imposed onto the 
polymer solution causes the extruded polymer to be attracted to the grounded collector plate and 
thus polymer fibers are deposited onto the collector.  
 
In addition, SEM imaging highlighted the different surface morphologies between the surface-air 
and surface-collector interfaces. The fibers of the surface-collector interface have flattened sections 
where the fibers have been in direct contact with the aluminium collector, as compared to the 
surface-air interface which doesn’t exhibit these collector effects, Figure 3.2. During morphological 
analysis of the electrospun mats, all fiber diameter and pore size measurements were taken from 
SEM images of the surface-air interface.  
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Syringe with 
Polymer Solution 
Crocodile Clamp 
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  Syringe Pump 
Connection 
Tubing    Needle Tip 
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Figure 3.2. SEM images of P(TMC9-co-LLA91) copolymer mats at a 2000 times magnification; a 
and b denote the surface-collector and surface-air interface, respectively. Mats were eletrospun from 
a 90/10 CHCl3/MeOH solvent mixture at 25 wt% using an applied voltage between 17 - 24 kV, 
collector distance between 10 - 15 cm and a 10 mL/hr polymer feed rate. 
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3.2.3.1  Electrospinning with Model Drug Incorporation 
Toludine blue was incorporated into the electrospinning solutions of the P(TMC9-co- 
LLA91), P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymers as a model drug. All electrospun 
mats with toluidine blue dye incorporation were spun from an 80/20 CHCl3/MeOH solvent mixture. 
Dye loading was 0.1 and/or 1.0 wt% and the solution concentration was 25 wt%, with the exception 
of the P(TMC25-co-LLA75) material which was made to 21 wt% concentration. Similar to the mats 
spun without dye in Section 3.2.3, the voltage, collector distance and feed rate were varied until 
successful fiber deposition onto the collector plate was visible. Polymer solutions were prepared 
according to the following procedure: bulk copolymer was dissolved in CHCl3, and the toluidine 
blue dye dissolved in MeOH, separately. Solutions were left with stirring until full dissolution was 
visible, after which the dye and copolymer solutions where combined and left stirring until 
homogeneously mixed. No precipitate or separation was apparent in the dye-copolymer mixture 
during the electrospinning experiments.  
 
3.3 Characterisation Techniques 
  
3.3.1 Weight Analysis 
The weight of each dried copolymer product was measured using a Mettler Toledo GR-202 balance, 
and the product yields were calculated using Equation 3.1.  
𝑌𝑖𝑒𝑙𝑑 (%) =  
𝑀(𝐶𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟)
𝑀(𝐿𝐿𝐴) + 𝑀(𝑇𝑀𝐶)
× 100%                                   [Equation 3.1.] 
       Where;   𝑀(𝐶𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟)= Mass of the final copolymer product after reaction completion  
                 𝑀(𝐿𝐿𝐴)= Mass of LLA monomer initially added to reaction vessel     
                 𝑀(𝑇𝑀𝐶)= Mass of TMC monomer initially added to reaction vessel     
                                                
3.3.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 
Copolymer samples (2-5 mg) were run on a Bruker AVANCE 300 MHz operating at 300.13 MHz 
for 1H spectra. Experiments were performed with a standard Bruker 5 mm BBO gradient probe. 
CDCl3 was used as the solvent. All spectra were referenced to the solvent signal: δ(1H) = 7.24 ppm.           
The LLA mol% incorporation was calculated using Equation 3.2.1 The corresponding peak labels 
for the copolymer are outlined in Chapter 4 Section 4.2.2.1. 
𝐿𝐿𝐴 (𝑚𝑜𝑙%) =  
𝐼𝑑
𝐼𝑑 + 𝐼𝑏
× 100%                                           [Equation 3.2.] 
          Where;    𝐼𝑑= Integration of the peak labelled b within the LLA unit  
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          𝐼𝑏 = Integration of the peak labelled d within the TMC unit                  
 
The average block lengths of LLA (?̅?𝐿𝐿𝐴) were calculated using equation 3.3.
1      
?̅?𝐿𝐿𝐴 =  
𝐼(𝐿𝐿𝐴−𝐿𝐿𝐴)
𝐼(𝐿𝐿𝐴−𝑇𝑀𝐶)
+ 1                                                      [Equation 3.3.] 
          Where;   𝐼(𝐿𝐿𝐴−𝐿𝐿𝐴)= Integration of the methine protons with (d > 5.08 ppm)  
       𝐼(𝐿𝐿𝐴−𝑇𝑀𝐶) = Integration of the methine protons with (d < 5.08 ppm)  
 
The average length of the TMC units (?̅?𝑇𝑀𝐶) was then determined from the average lactyl sequence 
length and the monomer ratio within the copolymer using equation 3.4.1 
?̅?𝑇𝑀𝐶 =  (
0.5 ×  ?̅?𝐿𝐿𝐴
𝐹𝑅𝐿𝐿𝐴
) × 𝐹𝑅𝑇𝑀𝐶                                           [Equation 3.4.] 
           Where;    𝐹𝑅𝐿𝐿𝐴= LLA monomer ratio within copolymer  
       𝐹𝑅𝑇𝑀𝐶= TMC monomer ratio within copolymer          
 
3.3.3 Gel Permeation Chromatography (GPC) 
Copolymer samples (5 - 10 mg) were dissolved in 2 mL THF and filtered through a 0.45 µm filter. 
Mass average and number average molecular-weight (?̅?w and ?̅?n respectively), and molecular-
weight dispersity (ÐM) were determined using a Waters Alliance 2690 Separations Module 
equipped with an autosampler, column heater, differential refractive index detector and a Photo 
Diode Array (PDA) connected in series. HPLC grade tetrahydrofuran was used as eluent at a flow 
rate of 1 mL/min. Three 7.8 × 300 mm Waters Styragel GPC columns were connected in series, 
comprising 2 linear Ultrastyragel and one Styragel HR3 columns. Polystyrene standards ranging 
from 2,000,000 - 517 g/mol were used for calibration. 
 
3.3.4 Differential Scanning Calorimetry (DSC) 
The thermal properties of the copolymers were evaluated by using a Mettler Toledo Differential 
Scanning Calorimeter, DSC 1 STARe system. The instrument was calibrated using the melting 
temperatures of indium (429.4 K) and zinc (692.5 K) and their heats of fusion. Samples (7 - 12 mg) 
were placed in aluminium pans and run at a heating/cooling rate of ±10 oC/min. Samples underwent 
a 1 segment run (-50 oC to 190 oC) when the thermal history of the samples was of interest, or a 5 
segment run (-50 oC to 190 oC; 190 oC to -50 oC; -50 oC to 160 oC; held at 160 oC for 30 mins; 160 
oC to 190 oC) when the thermal history of the sample was not of importance. The thermal 
information from each DSC trace was gained using the data acquisition program Mettler: STARe 
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software, where the glass transition temperature (𝑇𝑔) was taken at the midpoint of the change in heat 
capacity, and the peak melting temperature (𝑇𝑚) was determined from the melting endotherm. The 
crystallinity content (𝜔𝑐) of the copolymers was determined by making the assumption that only the 
PLLA segments contribute to the copolymer crystallinity and thus was based on Equation 3.5.  
𝜔𝑐(%) =  (
∆𝐻𝑚
∆𝐻𝑚°
) × 100%                                              [Equation 3.5.] 
          Where; ∆𝐻𝑚= Melting enthalpy of the sample  
                             ∆𝐻𝑚
° = Melting enthalpy of 100% crystalline PLA with a value of 93 J/g 2,3 
 
3.3.5 Attenuated Total Reflection-Fourier Transform Infrared (ATR-FTIR) 
ATR-FTIR spectra were run on a Nicolet 5700 ATR-FTIR instrument using a DTGS-Tec detector 
with a velocity of 0.6329 and a scan range of 4000-525 cm-1. 
 
3.3.6 Scanning Electron Microscopy (SEM) 
All samples were platinum (Pt) coated in an argon atmosphere using an Ekio IB-5 Ion Coater at 6 
mA to prevent charging during image acquisition. The solvent cast films (surface-air interface) were 
Pt coated for 3 mins to give an approximate 10 nm coating, while the electrospun mats (surface-air 
interface) were coated for 9 mins to give an approximate 30 nm Pt coating. Sample morphology 
was then studied under a Philips XL 30 scanning electron microscope. Film morphology was 
imaged with the microscope operating at 20 kV accelerating voltage, and all images were acquired 
at a magnification of either 200 or 800 times, at a working distance between 8 – 20 mm. Mat 
morphology was imaged with the microscope operating at 5 kV accelerating voltage, and images 
were acquired at magnifications between 250 to 8000 times, at a working distance between 10 – 12 
mm, and a size 4 or 5 spot size. 
 
3.3.6.1  Fiber Diameter and Pore Size 
The fiber diameter and pore size were measured by hand from high magnification SEM 
images (≥ 2000 times) where n ≥ 61. A minimum of 4 different regions per mat were imaged and 
the fibers and pores for measurement where randomly chosen across these various regions for a 
given sample. The pore size was taken to be the diameter of a circle drawn between fibers which 
were in the same plane and/or which had points of attachment to other fibers in an adjacent plane 
(i.e. either one fiber diameter distance above or below a given plane). 
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3.3.7 Porosity Analysis 
Electrospun mat weight was measured using a Mettler Toledo GR-202 balance. The mat thickness 
was measured (Kincrome Digital Vernier Caliper) for a given sample in a minimum of three 
different areas and the average of these values was used to calculate the apparent density (𝜌𝑠) of the 
mat, Equation 3.6.  
𝜌𝑠 =  
𝑀
𝑉
                                                                  [Equation 3.6.] 
          Where;   𝑀 = Mass of the sample 
                               𝑉 = Volume of the sample (calculated from the sample thickness and area)      
 
The apparent density calculations were performed in multiple repeats, (n = 6), for each mat so that 
the standard deviation within each type of mat could be evaluated. The porosity (ε) of the P(TMC-
co-LLA) electrospun mats was evaluated using Equation 3.7. 
𝜀 =  1 −
𝜌𝑠
𝜌𝑚
                                                            [Equation 3.7.] 
Where  𝜌𝑠  = Apparent density of the copolymer; mat  
            𝜌𝑚= Bulk density of copolymer; where the bulk densities of the monomers are; 1.27 g/cm
3  
         for PLLA4 and 1.31 g/cm3 for PTMC5 
     
3.3.8 Tensile Mechanical Testing 
The tensile properties of the P(TMC-co-LLA) copolymers were determined in the form of solvent 
cast films and elecrospun mats via tensile tests performed using an INSTRON 5543 (USA) tensile 
testing machine. A sharp-edged dog-bone die of ISO-37-4-MET standard (ODC Tooling & Molds, 
CANADA) was used to cut the samples prior to testing. Sample thicknesses were measured 
(Kincrome Digital Vernier Caliper) in a minimum of three different areas and the average thickness 
for the films ranged from 150 - 305 µm and between 41 - 138 µm for the mats in their dry state. The 
number of samples (n) mechanically tested under dry conditions was between 3 – 8 for solvent cast 
films and between 4 – 7 for electrospun mats. Samples were secured directly into the clamps but in 
the event of sample slipping, sandpaper was used to prevent slipping. A 50 N load cell was 
employed, and the tensile tests were performed using a displacement rate of 50 mm/min which is a 
common strain rate for thermoplastic elastomers. A stress versus strain curve for the samples was 
generated using the Blue Hill 2 version 2.9 Instron program. The Young’s modulus (E), (initial 
slope), ultimate tensile strength (σmax), and ultimate elongation at fail (εbreak) for each run was 
calculated using this program. The stress versus strain data was also re-plotted in Microsoft Excel to 
calculate the toughness/strain energy density (area under the stress strain curves from load 0 to 
failure). 
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3.3.8.1  2D Solvent cast Films under Wet Conditions 
Pre-cut dog-bone samples were soaked in phosphate buffered saline (PBS) for 3 days at 
room temperature to reach equilibrium water uptake before undergoing tensile testing. Each sample 
was individually removed from the PBS, measured for thickness, and run as specified in Section 
3.3.8. The number of solvent cast samples (n) mechanically tested under wet conditions was 
between 5 – 7.  
 
 3.3.8.2   3D Electrospun Mats under Wet Conditions 
The INSTRON 5543 was used in conjunction with a submersion tank filled with 4 litres of 
PBS media at 37 °C. Pre-cut samples were soaked in PBS for either 1 day or 49 days at 37 °C 
within a water bath. Each sample was individually removed from the PBS, measured for thickness, 
secured into the mechanical instron clamps, and then re-submerged into PBS at 37 °C using the 
submersion tank. Samples were left to re-equilibrate for 3 mins before undergoing tensile testing. 
Tensile measurements were completed with the samples fully immersed in this media throughout 
the entire testing process. The number of electrosun samples (n) mechanically tested under wet 
conditions was between 5 – 11.  
 
3.3.9 In Vitro Degradation 
P(TMC-co-LLA) materials underwent in vitro degradation studies in the form of solvent cast films 
and electrospun mats. The experimental procedure for the films was as follows; small samples of 
each copolymer film (approximately 30 mg in weight), in triplicate, were submersed into 30 mL of 
PBS and kept at 37 ºC using a water bath. The water uptake and mass loss in these copolymer films, 
along with pH changes in the media were monitored over a 34 week time period, with the PBS 
media being changed regularly after the measurements were taken (every 2 - 3 weeks). The 
experimental procedure for the mats was as follows; small samples of each electrospun copolymer 
mat with 1 wt% tolidine blue dye loading (approximately 5 mg in weight), were submerged into 4 
mL of PBS and kept at 37 ºC using a water bath. The water uptake and mass loss in these 
copolymer mats was monitored over a 7 week time period. 
 
3.3.9.1   Water Uptake and Water Content 
The initial weight of each sample was measured using a Mettler Toledo GR-202 balance. 
After samples were immersed in PBS for a defined time period, they were removed and lightly 
dabbed with a Kim-wipe to remove excess surface liquid, before being re-weighed. Calculation for 
water uptake uses the initial mass (𝑀𝑖) of the samples as seen in Equation 3.8 (n = 2 to 6).   
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𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 (%) =  
𝑀𝑤 − 𝑀𝑖
𝑀𝑖
× 100%                                     [Equation 3.8.] 
           Where;   𝑀𝑖= Initial mass of the sample  
 𝑀𝑤= Wet mass of the sample post immersion          
 
The water content measurements required each sample to be removed from the PBS solution and 
rinsed with MilliQ water before being dried to constant weight in a vacuum oven at room 
temperature. The dry mass (𝑀𝐷) of each sample was measured using a Mettler Toledo GR-202 
balance and the calculation for water content is shown in Equation 3.9 (n = 1 to 6).   
𝑊𝑎𝑡𝑒𝑟 𝐶𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  
𝑀𝑤 − 𝑀𝐷
𝑀𝐷
× 100%                                     [Equation 3.9.] 
       Where;   𝑀𝐷= Final mass of the sample post immersion dried to constant weight  
  𝑀𝑤= Wet mass of the sample post immersion                                    
 
3.3.9.2   Mass Loss 
The mass loss of each sample was calculated using equation 3.10 (n = 1 to 6). 
𝑀𝑎𝑠𝑠 𝐿𝑜𝑠𝑠 (%) =  
𝑀𝐷 − 𝑀𝑖
𝑀𝑖
× 100%                                     [Equation 3.10.] 
       Where;   𝑀𝐷= Final mass of the sample post immersion dried to constant weight  
  𝑀𝑖= Initial mass of the sample                                                               
 
3.3.9.3   pH Measurements 
The pH of the PBS media was measured using an electrode. The pH of the fresh PBS media 
was measured at each replacement time point (𝑝𝐻𝑖) and then this same media was re-measured with 
the pH meter after serving as the degradation media for 2 - 3 weeks (𝑝𝐻𝑓). The change in pH (∆𝑝𝐻) 
was calculated using equation 3.11. 
∆𝑝𝐻 = 𝑝𝐻𝑓 − 𝑝𝐻𝑖                                                     [Equation 3.11.] 
 
3.3.10 In Vitro Model Drug Elution  
Electrospun P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymer mats with 1.0 wt% tolidine 
blue dye loading underwent in vitro dye elution studies. Small samples of each copolymer mat 
(approximately 30 mg in weight), were submerged into 5 mL of PBS and kept at 37 ºC using a 
water bath. Known dilutions of toluidine blue dye in PBS were prepared and run in the spectrometer 
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which served as standards. At the time of each elution measurement, the sample tubes were inverted 
twice before 1 mL of media was removed from each sample tube and subsequently run in the 
spectrometer for quantification. This removed volume (1 mL) was then replaced with fresh PBS for 
each tube. These tubes were again inverted twice for homogeneous mixing before being returned 
into the water bath. This procedure was repeated at 19 different time points with the elution profiles 
of these copolymer mats being monitored over a 19 week time period, n = 5 to 8 for P(TMC25-co-
LLA75) mats and n = 6 to 9 for P(TMC36-co-LLA64) mats. 
 
3.3.10.1  UV-Vis Spectrometry 
 The quantification of dye eluted from these (TMC25-co-LLA75) and P(TMC36-co-LLA64) 
copolymer mats was possible using a Agilent Cary 60 Spectrophotometer equipped with Cary 
WinUV Scan Application version 5.0.0.99 software. The machine was blanked with PBS before 
each set of measurements were started. A 1 mL volume of the elution media from each sample was 
then added to a 1 mL quartz crystal curvet, separately, and a time-dependent scan between 800 – 
400 nm was used at a medium acquisition speed. The absorbance readings for each sample were 
taken at λ = 595 nm.  
 
3.3.10.2  Contact Angle 
Contact angle measurements were taken of the (TMC9-co-LLA91), (TMC25-co-LLA75) and 
P(TMC36-co-LLA64) electrospun mats with and without 1.0 wt% dye loading. These measurements 
were performed on a dataphyscis OCA15EC apparatus consisting of a longitudinal telescopic lens 
attached to a high performance charge-coupled device (CCD) camera. Samples were placed on an 
adjustable teflon stage and a drop (5 μL) of MilliQ water was delivered by a gastight 500 µL glass 
flat tip precision syringe through the uEye Camera Manager software operated by a computer. The 
water drop on the material was observed using real-time video pictures captured via uEye Camera 
Manager software. Contact angles were calculated using the same software. Advancing contact 
angle measurements (𝜃𝐴) were taken with each addition of 5uL of water to the test drop to a 
maximum of 20 uL with the needle completely removed from the water drop. Receding contact 
angles (𝜃𝑅) were obtained by removing 5 μL of water from a 25 μL drop in 4 successions. The 
measurements were performed on dry samples. 
 
3.3.11 Statistical Analysis 
Statistical analysis was performed using SPSS version 17.0 software (SPSS Inc., Chicago, IL).  This 
involved a number of steps which are outlined below; 
1. The data to be analysed was imput into the SPSS software. 
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2. The Kolmogorov-Smirnov (K-S) test available on the SPSS software was used to check for 
normality (the K-S statistic tests the null hypothesis (Ho) that a distribution IS normal). 
From the output file the Asymp. Sig. (2-tailed) value was checked such that; 
 If Asymp. Sig. (2-tailed) < 0.05 then the Distribution is NOT NORMAL (i.e Ho is 
rejected). 
 If Asymp. Sig. (2-tailed) ≥ 0.05 then the Distribution is NORMAL (i.e Ho is accepted) 
Note:  The K-S test was performed for each experimental group individually before 
choosing the appropriate statistical test (refer to steps 3a and 3b). 
3a. If the experimental groups had NORMALLY DISTRIBUTED data then a One-Way 
ANOVA was used with the following steps; 
(i) Performed a One-Way ANOVA with both the Tukey and Games Howell tests 
highlighted for the Post Hoc Multiple Comparisions, along with a Homogeneity of 
Variance Test (Levene’s Test). 
 If Sig. > 0.05 for Levene’s then the Distributions HAVE EQUAL VARIANCE and the 
Tukey results were used. 
 If Sig. < 0.05 for Levene’s then the Distributions DO NOT HAVE EQUAL VARIANCE 
and the Game-Howell results were used. 
Note: The ANOVA output indicates if there is actually a difference between any of the 
experimental groups (if Sig. < 0.05 for ANOVA then there IS statistical difference between 
some/all of the groups), however it does not specify which groups. Therefore, the results for 
the Multiple Comparisons Post-Hoc Tests for either Tukey or Games-Howell are used 
depending on if the groups have equal variance or not. 
 
3b. If the experimental groups have NOT NORMALLY DISTRIBUTED data then a non-
parametric analysis was used with the following steps; 
(i) Performed a Non-Parametric ANOVA Kruskal-Wallis test with the Mann-Whitney 
U Test highlighted for the Post Hoc Multiple Comparisions. In addition to this the 
original Alpha (α ≤ 0.05) value was adjusted so that the chance for type I error was 
not inflated due to the multiple pair wise comparisons made. This was calculated 
using the Bonferroni Adjustment Factor where the NEW α = ORIGINAL α / No. of 
pair wise comparisons made. For example, for 3 groups, new p = 0.05/3 = 0.017 
(Therefore a p < 0.017 is significant) and for 4 groups, new p = 0.05/6 = 0.0083 
(Therefore a p < 0.0083 is significant). 
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 If Sig. < NEW α for the Mann Whitney U Test then there IS statistical difference 
between the groups. 
 
During the statistical analysis any comparison that gave a p < 0.05 was taken to be statistically 
significant. 
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Chapter 4 
 
P(TMC-co-LLA) Synthesis 
and Characterization                                          
         
4.1 Introduction  
 
Soft-tissue engineering applications put specific demands on the properties of the materials. Besides 
biocompatibility, the mechanical characteristics such as modulus and elasticity of the material and 
the degradation kinetics are of a crucial importance for the suitability of the material as a temporary 
scaffold or implant.
1
 For this project, it is desirable to synthesise a series of biodegradable 
elastomers which have tuneable properties that can potentially be used as a tissue engineered 
vascular graft. It is essential that the synthesised materials exhibit mechanical properties that are 
comparable to coronary arteries, and which also possess a tuneable degradation rate so that the rate 
at which the material is absorbed can be matched with that rate of cell proliferation and tissue 
remodelling in vitro and/or in vivo. As described in Chapter 2, a range of potential materials are 
available, however, few classes of polymers offer the flexibility in the tuning of both mechanical 
properties and degradation rate as effectively as polyester carbonate copolymers.  
 
4.1.1 Synthesis via Ring-opening Polymerization 
The synthesis of polyester carbonates is most commonly achieved via ring-opening polymerisation 
(ROP) of lactones and carbonates in the presence of a catalyst and/or initiator. A number of 
different catalysts have been used to synthesise polyester carbonates including calcium complexes 
with tridentate Schiff base ligands,
2
 lipase,
3
 stannous ethoxide,
4
 dibutyl tin oxide,
5
 zinc acetate,
5
 
zinc lactate (Zn(lac)2),
6-8
 zirconium(IV) actylacetonate (Zr(acac)4),
8-10
 bismuth(III) hexanoate,
8
 
samarium(II) iodide/samarium (SmI2/Sm),
8,11
 and tributyl tin chloride.
5
 However, the most 
frequently used ROP catalyst for the preparation of polymers, including polyester carbonates, for 
biomedical applications is stannous octoate, SnOct2, as it is highly efficient, versatile and it is 
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furthermore approved by the Food and Drug Administration (FDA) for the synthesis of 
polylactides.
12-14
    
 
As mentioned in Chapter 2 Section 2.4.1, previous researchers, most notably Grijpma et al., have 
extensively researched statistical P(TMC-co-DLLA) polyester carbonate copolymers, which have 
both suitable mechanical properties and degradation profiles for soft tissue engineering 
applications.
12,15-20
 In his publications, he demonstrates the straightforward synthesis of statistical 
P(TMC-co-DLLA) polyester carbonates via ROP at 130 
o
C with SnOct2 as the catalyst. 
Consequently, the synthetic path chosen for this project utilised ROP of TMC with the less studied 
LLA at 130 
o
C with SnOct2 as the catalyst with varying feed ratios to obtain a range of copolymers 
(Figure 4.1). 
 
 
 
Figure 4.1. Reaction scheme for ROP of TMC and LLA using SnOct2 as the catalyst at a reaction 
temperature of 130 ºC; x and y refer to the TMC and LLA molar compositions, respectively.  
 
This synthetic approach is very versatile as it is possible to incorporate branching or crosslinking 
monomers, which allows for production of polymers with a low softening temperature and thus 
even greater control over copolymer properties. Furthermore, it is possible to incorporate functional 
groups which can be used to immobilize growth factors, allowing for tailoring of the biological 
response.
21-24
 
 
4.1.2 Polymer Degradation 
For synthetic polymers, such as polyester carbonates, two main mechanisms of degradation are 
known to occur, surface-erosion and bulk-erosion
25-27
 (Figure 4.2). In surface-erosion the rate of 
chain hydrolysis exceeds the rate of water penetration. The sample thins over time as material is lost 
from only the outer parts of the sample, while its bulk integrity is maintained.
25,28
 The rate of 
molecular-weight loss is relatively constant throughout the degradation process and the sample 
dimensions are reduced as a function of degradation time.
27,29
 Conversely, in bulk-erosion the rate 
of chain hydrolysis is slower than the rate of water penetration and degradation takes place 
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throughout the entire sample volume.
25,28
 The rate of mass loss is not necessarily constant and is 
often delayed until sufficient water uptake has occurred and the chains in the polymer backbone 
have been cleaved until such a point that a critical number average molecular-weight (?̅?n) is 
reached, after which weight loss occurs by the diffusion of water-soluble cleavage fragments out of 
the polymer matrix.
16,27,30
 The sample dimensions remain unchanged until the critical stages of 
degradation, after which dramatic mass loss occurs.
29,31
   
 
 
 
Figure 4.2. Schematic illustration of the difference between surface versus bulk degradation for 
synthetic polymers.
26
  
 
Additionally, bulk-erosion can occur via two different modes; either homogeneous or 
heterogeneous bulk-erosion. In homogeneous bulk-erosion there is a gradual drop in the ?̅?n until all 
of the low ?̅?n polymer chains remaining become water soluble, (other-wise known as the critical 
stage of degradation). The final erosion is faster after this critical stage is reached and the ?̅?n is 
monomodal throughout the entire degradation process.
16,29
 Similarly, in heterogeneous bulk-erosion 
there is also a gradual decrease in ?̅?n, however, the degradation products within the centre of the 
sample cannot diffuse out as easily as those at the surface. This causes a gradient between the 
central and outer regions of the sample, and in the cases where the degradation products are acidic 
an auto-catalytic effect develops within the interior of the sample. The rate of degradation in the 
samples interior is accelerated from the low pH environment, and thus, the ?̅?n of the interior 
becomes much lower than that of the surface. The ?̅?n profile becomes biomodal and the molecular-
weight dispersity (ÐM) increases as a function of degradation time.
19,25,29,30
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4.1.2.1   Degradation Mechanisms of PLLA and PTMC  
During the degradation of aliphatic polyesters, such as PLLA, the ester linkage 
predominantly undergoes hydrolytic chain cleavage, Figure 4.3.
25,32-34
 PLLA is a hydrolytically 
unstable polymer
24,28
 and its degradation generally occurs in two stages; the first stage involves a 
decrease in ?̅?n, as a result of the hydrolytic scission of ester linkages. The second stage is 
characterised by an increased fraction of low ?̅?n chains, such as oligomers and simplified structures 
corresponding to the repeating unit of the polymer, which causes an increase in ÐM and eventually 
leads to mass loss from the sample.
25,30
 PLLA is considered as a bulk degrading polymer in which 
the bulk is penetrated by the water and hydrolysis of the labile bonds takes place throughout the 
entire sample.
25,35
 In addition, during the hydrolysis of an ester functionality, carboxylic acid end-
groups are generated (pKa = 3 – 5) which can further catalyse the hydrolysis due to their 
acidity.
4,16,25,32
 PLLA hydrolyses to lactic acid which is a natural metabolite within the human body 
that can be easily metabolized and removed via normally bodily processes upon degradation.
1,36,37
  
 
 
 
Figure 4.3. Proposed hydrolysis mechanism of PLLA.
32-34
  
 
The autocatalysing effect of the carboxylic acid end-groups is also evident in the degradation 
kinetics of polyesters, where the rate of degradation  is directly proportional to the carboxylic acid 
concentration, Equation 4.1.
27,33,38
 Furthermore, the accelerating role of the carboxylic acid function 
of polyesters has been substantiated by studies which showed that masking the carboxy end-group 
retards hydrolysis, while the addition of low ?̅?n carboxylic acids accelerates the rate of 
hydrolysis.
38
 
− 
𝑑[𝑒𝑠𝑡𝑒𝑟]
𝑑𝑡
= 𝑘[𝐻2𝑂][𝐶𝑂𝑂𝐻][𝑒𝑠𝑡𝑒𝑟]                                   [Equation 4.1] 
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On the other hand, polycarbonates are far less susceptible to hydrolysis than aliphatic 
polyesters.
25,39
 The carbonate linkage is, in general, more resistant to nucleophilic attack from water 
molecules, as compared to the ester linkage. The initial acyl-oxygen cleavage for PTMC is slow and 
the rate-determining step in the hydrolysis mechanism (Figure 4.4). The oxygen-carboxylic 
intermediate (i.e. carbonic acid) then quickly decomposes to give alcohol and carbon dioxide as the 
final products, Figure 4.4.
25
 Thus, for polycarbonates, the pH of the degradation media generally 
remains unchanged throughout degradation, as no acidic products are formed.
25,40
  
 
 
 
Figure 4.4. Proposed hydrolysis mechanism of PTMC.
25,32-34
  
 
In addition, the acidic carbonic acid intermediate is a much weaker acid with a pKa of 6.5, as 
compared to the carboxylic acid formed from polyester hydrolysis (pKa = 3 – 5), and thus, no 
autocatalytic effect occurs during the degradation of PTMC.
16,32,38,40
 This is further reflected in the 
degradation kinetic law, Equation 4.2, which shows the degradation rate of carbonates is not 
dependent on the carbonic acid concentration.
27
 Furthermore, it has been observed that the rate of 
chain cleavage for PTMC is faster in vivo than in vitro, which is indicative of an enzymatic 
degradation process.
38
 
 
− 
𝑑[𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑡𝑒]
𝑑𝑡
= 𝑘[𝐻2𝑂][𝑒𝑠𝑡𝑒𝑟]                                  [Equation 4.2] 
 
4.1.3 Polymer Properties: Effect on Degradation 
In any polymer system, it is imperative to understand and characterise the inherent physical 
properties, as these strongly govern the behaviour of the material, especially in terms of the 
mechanical response, degradation kinetics and drug release profile. Polymer properties commonly 
examined include their chemical group/s and stereochemistry, polymer architecture (linear or star-
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shaped), ?̅?n, thermal properties, and degree of wettability. Additionally, in copolymer systems the 
molar composition and chain sequence (random or block) of the copolymer are also important to 
determine. Since these physical properties strongly determine the materials characteristics, they 
give rise to many possibilities to modify and tailor the material properties.
4,24,30,40-42
 A discussion of 
how physical properties affect the degradation rate of polymers is provided below, followed by a 
brief examination of how physical properties affect the mechanical properties of polymers in 
Section 4.1.4. Additionally, the relationship between physical properties and drug release rates from 
polymers is discussed in Chapter 6. Throughout these sections, specific reference to polyester 
carbonates is made, wherever possible.   
 
One of the most effective ways to control basic material behavior is through the selection of the 
monomer/s and their stereochemistry.
14,30,43,44
 Specific to the degradation of polymers, the effect of 
molecular structure is profound as any differences in the susceptibility of polymer chain linkages to 
nucleophilic attack of water molecules has a large impact on the degradation rate. The hydrolysis 
rate changes for different monomers and has been found to increase in the order of carbonate, ester, 
and anhydride linkages.
25
 Carbonate linkages resists hydrolysis for over a year during in vitro 
degradation, but can be noticeably changed by incorporating ester functionality into the chain.
25
 
Based on these findings, it is predicted that the hydrolysis rate of the labile bond is changed by 
altering the electronegativity of groups near the carbonyl-oxygen region.
25
 Like-wise, 
copolymerisation of the LLA monomer with other cyclic esters has been used to modify the 
properties of PLLA, including the degradation profile, such that the resulting copolymers have 
properties tailored to the needs of a desired application. The most commonly employed 
comonomers are glycolide (GA), D-lactide (DLA), caprolactone (CL) and trimethylene carbonate 
(TMC).
24,30,45
 Furthermore, the degradation rate for copolymer systems not only depends on the 
choice of monomers, but also on the copolymer molar composition
30,40
 and chain sequence.
13,14,46
 It 
has been found that random P(TMC-co-LLA) copolymers degraded more rapidly compared to 
block copolymers, likely because the random copolymers had shorter PLLA segments.
46
 
 
The architecture is known to affect the degradation rate of polymers.
13,14
 For example, the core of 
star-shaped and/or highly branched macromolecules have a more dense structure which hinders the 
diffusion of water molecules into the polymer network, as compared to a linear architecture.
36
 In 
addition to branched and star-shaped macromolecules having a different entanglement structure, 
they also possess a higher density of chain-ends than linear chains of comparable ?̅?n, which can 
also influence the polymers degradation behaviour.
36
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During the degradation of polymers, the first stage involves hydrolytic scission of the polymer 
backbone, causing a decrease in the ?̅?n until a critical ?̅?n is reached. The duration of this stage 
depends on the starting ?̅?n of the polymer.
4,30
 Evidently, independent of the degradation 
mechanism, the initial ?̅?n of the polymer influences the resorption time during degradation.
17,44
 
Samples with higher initial ?̅?n demonstrate a delayed onset of loss of mechanical properties and 
loss in mass.
17,30,36
 Thus, the starting ?̅?n of polymer samples, to some extent, offers a means to 
control the resorption time and degradation rate.
25,30
  
 
The thermal properties and crystallinity (ωc) of polymers affect the rate of degradation.
25
 In the  
microcrystalline regions of crystalline and semi-crystalline polymers the chains are essentially held 
together by dipolar, hydrogen bonding, or van der Waals forces.
41
 Thus, the presence of crystalline 
domains act as physical cross-links for the amorphous regions, thereby increasing the 
interconnectivity of the physically entangled network and decreasing the ?̅?n between physical 
cross-links.
23,41
 The crystalline phase is poorly accessible to water, and thus, an increase in 
crystalline content reduces the rate of degradation by chain scission, due to a decreased accessibility 
to hydrolysable bonds.
12,16,31,44
 Since water absorption depends strongly on the ωc of the material,
25
 
the rate of mass loss tends to diminish as ωc is increased.
24,28
 In addition to the inherent ωc within 
polymer samples, the glass transition temperature, 𝑇𝑔, is also very important. When a polymer is in 
its glassy state, below its 𝑇𝑔, there is a reduced chain mobility, free volume, and permeability which 
tends to reduce the hydrolysis rate of polymers.
16
 Therefore, degradation is strongly dependent on 
both the thermal history and the initial ωc within polymer samples.
47
 This effect has been 
demonstrated for amorphous versus semicrystalline PLLA samples, ?̅?n = 130 kg/mol and ÐM = 1.8, 
which demonstrate differences in weight loss and water uptake during degradation.
47
 For these 
samples degradation started immediately, as indicated by a decreasing ?̅?n, for both the amorphous 
and semicrystalline specimens of PLLA.
47
 Additionally, no mass loss was detected at weeks 7 and 8 
for semicrystalline and amorphous PLLA samples, respectively, after which mass loss began. At 
week 31, the mass loss profiles were similar at 4 and 5% for the amorphous and semicrystalline 
specimens, respectively, however, they had very different water uptake values of 40% for 
amorphous versus 7% for semicrystalline PLLA.
47
 This difference was more pronounced at longer 
degradation times where the amorphous samples had 49% mass loss with 105% water uptake 
detected, while the semicrystalline sample had lower values of 25% mass loss with 28% water 
uptake. After 8 months of degradation, the slower degrading semicrystalline specimens still 
exhibited 40% of the initial storage modulus, as compared to only 20% for the faster degrading 
amorphous PLLA samples.
47
 In addition, amorphous P(TMC49-co-LLA51) and semicrystalline 
_____ 
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P(TMC50-co-LLA50) copolymers underwent in vitro degradation as reported in a publication by Hua 
et al.
10
 who demonstrated that the ωc strongly influences the water uptake and mass loss of these 
copolymers. After 12 weeks of degradation time, the amorphous copolymer had reached 11 % water 
uptake, while the semicrystalline copolymer had only reached 2 % water uptake. Like-wise, after 26 
weeks of degradation the amorphous copolymer had lost 38 % of its original mass, while the 
semicrystalline copolymer had lost only 8 % of its original mass.
10
 Furthermore, the inherent ωc 
within polymers changes as a function of degradation, due to the preferential degradation of 
amorphous regions over crystalline domains. This effect results in an increased percentage ωc with 
degradation time, as was seen for PLLA,
48
 PDLLA
49
 and P(CL-co-LLA)
30
 polyester samples and 
P(TMC-co-CL),
25
 P(TMC-co-DLLA)
19
 and P(TMC-co-LLA)
23,24
 polyester carbonate samples. In 
addition, initially amorphous PLLA and P(GA-co-LLA) copolymers were found to crystallize as 
degradation proceeded.
47,50
 This suggests that the low ?̅?n chains formed upon hydrolysis were able 
to re-arrange into crystalline domains, a process that is likely facilitated by the submersing media 
assisting chain movement.  
 
In addition to the thermal properties, the wettability also plays a dominant role for polymer 
degradation.
4,25
 The amount of water absorbed by a depends on the hydrophobicity of the polymer 
chains,
25
 which therefore influences the degradation rate,
12
 such that a more hydrophilic polymer is 
more prone to hydrolytic chain scission and consequently has a higher degradation rate.
28,36
 For 
copolymers, choosing comonomers which are relatively hydrophobic offers a means to create 
polymer systems which possess greater degrees of resistance to hydrolytic degradation.
43
 
Conversely, the degradation of PLA can be accelerated through copolymerisation with PGA which 
renders it a more hydrophilic copolymers that is prone to hydrolytic chain scission.
24,45
  
 
Other factors, such as the presence of residual solvent(s)
50,51
 and the surface-to-volume ratio of the 
sample
25,28
 can also affect polymer degradation behaviour. Residual solvent(s), even in small 
amounts, reduce the 𝑇𝑔 of the polymer through the plasticizing effect of the solvent.
12
 Therefore, it 
is possible for residual solvent to affect polymer degradation through changes in the samples 
thermal properties.
16,51
 For polymer samples degrading via surface erosion, increasing the external 
surface area (i.e. larger surface-to-volume ratio) increases the rate of erosion. Conversely, for 
polymer samples undergoing heterogeneous bulk erosion, thick samples with a low surface-to-
volume ratio will generally increase polymer degradation through an increased autocatalytic effect 
which accelerates polymer degradation within the centre of the sample.
25
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4.1.4 Polymer Properties: Effect on Mechanical Properties 
A number of material properties can impact the response of a sample to an applied load.
23
 One such 
material property is the polymer chemistry (e.g. the monomer composition and stereochemistry). 
Copolymerization is an important tool to modify the mechanical properties of the resulting 
copolymers, and through the choice of monomers, basic material behaviour can be controlled.
24,43
 
Upon copolymerising LLA with TMC, the tensile strength continuously drops in a linear fashion 
from 60 MPa for PLLA to 45 MPa for a copolymer incorporating up to 10 mol% TMC. 
Incorporating more TMC within the copolymer sees a sudden drop in the tensile strength to 30 
MPa, as at this composition the copolymers exhibits a 𝑇𝑔 that reaches room temperature.
23
 Any 
additional TMC within the system again decreases the tensile strength in a linear fashion from 30 
MPa.
23
 In addition to the monomer(s), the molar composition strongly affects the copolymers’ 
mechanical properties,
40,52
 as does the chain sequence (e.g. random versus block copolymers).
13,46,53
 
Block copolymers that phase separate often show improved mechanical properties over random 
non-phase separated systems,
43,52,53
 however, is some cases the opposite has been found with 
random P(TMC-co-LLA) copolymers showing increased elastic modulus (E), ultimate tensile 
strength (σmax) and elongation at fail (𝜀break) compared to when exhibiting a block chain sequence.
46
 
 
In general, the mechanical properties of polymers decreases as the ?̅?n is reduced.
23
 Han et al.
6
 
synthesised two P(TMC16-co-LLA84) copolymers of varying ?̅?n, 80 versus 119 kg/mol. Upon 
tensile testing it was found that the higher ?̅?n copolymer possessed increased stiffness, E = 491 ± 
110 versus E = 738 ± 85 MPa, respectively, while the tensile strengths were comparable, 21.7 ± 3.3 
versus 26.5 ± 3.0 MPa, respectively.
6
 Zhang et al. reported poor mechanical properties for P(LLA-
b-TMC-b-LLA) and P(DLA-b-TMC-b-DLA), which he concluded was related to, among other 
factors, the low ?̅?n of the triblock copolymers.
20
 In addition, the tensile strength of P(DLLA-co-
GA) copolymers blended with 0 – 30 wt% P(TMC-co-CL) decreased as the ?̅?n was lowered from 
the hydrolysis of the copolymer matrix during in vitro degradation.
36
 Furthermore, there is often a 
limiting ?̅?n for polymers to exhibit some mechanical strength. For PTMC, the mechanical 
properties deteriorate with decreases in the polymers ?̅?n until the limiting value of approximately 
25 kg/mol, after which the mechanical properties are minimal.
16
 
 
The thermal properties and crystallinity of polymers can affect the mechanical properties of the 
material.
23
 The presence of crystalline material within polymers decreases the chance for a growing 
crack in a specimen to propagate, and thus, crystalline polymers generally have enhanced 
mechanical properties compared to amorphous polymers.
23,41
 Kim et al. found that chain extended 
P(LLA-b-TMC-b-LLA) triblock copolymers displayed a linear increase in tensile strength as the 
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crystallinity was enhanced through increased PLLA content.
54
 It was concluded that the crystalline 
domains act as physical cross-links, significantly improving the mechanical properties of the 
triblock copolymers.
54
 In addition, Zhang et al. found that solvent cast films of P(LLA-b-TMC-b-
LLA) triblock copolymers displayed a high E (408 MPa), tensile strength (15.3 MPa), and σmax 
(19.8 MPa) when the LLA content was more than 40 mol%.
20
 However, when the triblock 
copolymers incorporated less than 10 mol% LLA, the mechanical properties were decreased to 0.84 
MPa for the E, 0.05 MPa for the tensile strength, and 0.05 MPa for the σmax.
20
 The enhanced 
mechanical properties of the former triblock copolymers was related to the more extensive physical 
cross-linking from the crystalline PLLA, while the poor mechanical properties of the latter was 
related to, among other factors, the absence of crystalline phases acting as physical cross-links.
20
 
Crystallization can also be induced during the mechanical testing, which is known as stress-induced 
ωc.
42
 During mechanical testing of polymers they can gradually become visibly opaque or white 
with stretching in the neck region of the sample as the crystalline regions are being condensed.
43,54
 
This is often accompanied by induced crystallization and samples generally start necking at high 
elongations which causes a large upturn at high elongations in the stress-strain curve (i.e. high 
σmax).
45
 Stress-induced crystallization, therefore, significantly improves the mechanical performance 
of the material.
12
 Furthermore, the inherent crystalline content can change during storage of 
polymer samples after processing, and thus, can lead to variations in mechanical properties with 
time.
55
  
 
The value of the glass transition temperature is also very important and can greatly impact on the 
mechanical properties of polymers. When predominantly amorphous polymers are mechanically 
tested at temperatures at or below their 𝑇𝑔, they generally exhibit very ductile behaviour with high 
elongations at fail, and lowered values of elastic modulus, tensile strength and ultimate tensile 
strengt.
12,15,23
 Buttafoco et al.
15
 found that PBS soaked P(TMC-co-DLLA) samples displayed 
lowered mechanical properties (E = 0.01 MPa, tensile strength = 0.09 MPa) as compared to when 
they were not soaked in PBS and dry tested (E = 0.25 MPa, tensile strength = 0.24 MPa). The 
decreased mechanical properties for the wet samples was explained by the lower 𝑇𝑔 (39 
o
C), due to 
the plasticisation effect of water, as compared to when in the dry state, 𝑇𝑔 = 45 
o
C.
15
 This effect was 
mirrored in a study by Pego et al.
12
 who mechanically tested P(TMC-co-DLLA) compression 
moulded films under dry and wet conditions. The elastic modulus and ultimate tensile strength was 
generally lower for all wet films across all copolymer compositions trialled, compared to the dry 
films due to the plasticizing effect of water. In particular, the dry tested P(TMC20-co-DLLA80) 
compression moulded film had a 𝑇𝑔 = 40 
o
C, E = 1900 MPa and σmax = 51 MPa, while the wet tested 
films had a lower 𝑇𝑔 of 33 
o
C, thus resulting in lower mechanical properties, E = 1100 MPa and 
66 
 
σmax = 38 MPa.
12
 Additionally, this effect is also seen in solvent cast films containing residual 
solvent which lowers the polymers glass transition temperature, and thus, has a strong influence on 
the specimen mechanical properties.
12
 Furthermore, Buchholz et al.
40
 reported that PDLLA 
polymers with a 𝑇𝑔 = 57 
o
C have E = 1900 MPa, σmax = 52 MPa and 𝜀break = 3.6 %. The 
incorporation of TMC units in amounts too small to depress the 𝑇𝑔 below room temperature resulted 
in a more ductile mechanical response with a reduced elastic modulus and ultimate tensile strength 
than for PDLLA; P(TMC10-co-DLLA90) copolymers had a 𝑇𝑔 = 35 
o
C, E = 790 MPa, σmax = 27 MPa 
and 𝜀break = 4.3 %. The incorporation of higher amounts of TMC units depressed the 𝑇𝑔 below room 
temperature and subsequently altered the mechanical response completely; P(TMC70-co-DLLA30) 
copolymers had a 𝑇𝑔 = -2 
o
C, E = 5 MPa, σmax = 1.6 MPa and 𝜀break = 104 %.
40
 
 
As mentioned in Section 4.1.3, the wettability of polymers can affect water uptake,
25
 which is 
known to have a plasticising effect and can have significant consequences for the thermal properties 
of the polymer.
12,15,40
 Thus, the hydrophobicity of polymers can affect the mechanical properties, 
indirectly, through changes in the thermal characteristics of the material through the plasticising 
effect of water and causing a reduction of the polymers 𝑇𝑔.
12,15,40
 Other factors, such as sample 
thickness
23,43,54,56
 and the pulling rate
23,43,54
 used during testing can also affect the mechanical 
properties of polymers. Previous researchers have found the mechanical properties vary with 
sample thickness, especially in terms of the elongation achieved by polymer samples.
43,54
 The 
tensile testing of thinner copolymer samples saw a yield point in the stress-strain curve which was 
attributed to plane stress conditions being present in these specimens which promoted a more 
ductile failure.
23
 Furthermore, thin solvent cast films (60 – 90 µm) of stereo-complexes made from 
equal amounts of enatiomeric triblock copolymers based on P(LLA-b-TMC-b-LLA) and P(DLA-b-
TMC-b-DLA), showed higher values for the elastic modulus, tensile strength, elongation at yield 
and ultimate tensile strength than thick 500 µm compression moulded films.
56
 It was suggested that 
the difference in the mechanical response of these samples is likely related to differences in 
thickness of the specimens.
56
 In addition, when a polymer undergoes mechanical testing the 
deformation rate can impact the samples response to an applied load,
23
 especially in terms of the 
samples 𝜀break.
43,54
  
 
It is not only important for the ideal material to possess suitable mechanical properties that match 
those of coronary arteries, but to also have an appropriate degradation profile. In optimized tissue 
engineering applications, the synthetic scaffold degrades and is resorbed at a controlled rate to 
match cell and tissue growth in vitro and/or in vivo, such that the new tissue forms a fully functional 
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biological substitute and the scaffold is degraded and removed via natural bodily processes.
17
 Thus, 
the synthesised P(TMC-co-LLA) copolymers need to supply sufficient elastic properties to the 
artificial vessel until new tissue is formed. In this chapter a range of biodegradable and elastic 
P(TMC-co-LLA) copolymers were synthesised by ROP and subsequently characterised. The 
mechanical properties and in vitro degradation of these materials were evaluated in the form of 
solvent cast films with the aim of developing an elastic and degradable material to be utilized in the 
development of ‘small-diameter arterial substitutes’ for use as vascular grafts.  
 
4.2 Results and Discussion 
 
4.2.1 Preliminary Investigation of the use of Organic Catalysts 
Preliminary synthesis involved ROP reactions utilising nitrogen based catalysts, 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU) and 1,4-diazabicyclo[2.2.2]octane (DABCO), so as to 
eliminate the possibility of any residual tin remaining within the synthesised copolymers. These 
ROP reactions were performed within a fume hood under argon gas and utilised the initiator benzyl 
alcohol (BA). The target values of ?̅?n were within 8.8 – 41.8 kg/mol. A total of 11 reactions were 
performed, however, only 3 reactions successfully produced a copolymer material. Each of the 
products were of low ?̅?n (3 – 5 kg/mol) and of yields ≤ 37 %. As the ?̅?n of these copolymers was 
lower than targeted, as calculated from the initiator/monomer ratio assuming hydroxyl initiation, 
this suggests that initiation by additional species other than the BA initiator has occurred.
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Additional initiation species are commonly introduced during ROP of polyester carbonate from 
trace impurities in the monomer(s) and/or the catalyst.
20
 Furthermore, the ROP of lactones or cyclic 
carbonate not only needs extremely pure monomers but also anhydrous conditions.
3
 As the 
monomers were re-crystallised and filtered prior to each synthesis, and the reaction vessels being 
under argon gas and sealed, it is likely that the additional impurities came from the nitrogen 
containing catalysts (DBU and DABCO) which were used as received. ?̅?n within this range are too 
low for vascular applications, and a ?̅?n of at least 25 kg/mol is required for polyester carbonate 
copolymers to exhibit minimal mechanical strength.
12
 After obtaining these results, the synthesis 
protocol was revised and all further ROP reactions were performed within a glove box and utilised 
SnOct2 as the catalyst. Although the use of these materials were not continued in this study, they 
were further studied by other group members.
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4.2.2 Synthesis of P(TMC-co-LLA) Copolymers: General 
The synthesis of P(TMC-co-LLA) materials were performed in two separate series; referred to in 
this thesis as the first and the second series. The first series includes a range of P(TMC-co-LLA) 
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copolymers that were subsequently processed into solvent cast films and underwent in vitro 
degradation and tensile mechanical testing, Chapter 4. The copolymers of the second series were 
processed into mats via electrospinning and underwent drug elution studies, Chapter 5 and Chapter 
6, respectively. The basic synthesis and characterisation of all synthesised P(TMC-co-LLA) 
materials are detailed in this chapter.  
 
4.2.2.1    
1
H NMR Analysis of Copolymers 
1
H NMR is a very useful analysis technique which not only provides information about the 
purity of the synthesised copolymer products, but also the final comonomer ratios and chain 
sequence.
3,59
 The NMR spectrum of PTMC has five peaks occurring between 2.1 - 2.2 ppm along 
with a triplet between 4.4 - 4.5 ppm, while the spectrum of PLLA displays a doublet between 1.6 - 
1.7 ppm and quartet between 4.9 - 5.1 ppm. No signals from the monomers were detected in any of 
the copolymer spectra, and as the accuracy level of NMR instruments is reported to be 4%,
40
 this 
demonstrates > 96 % purity for each synthesis. A typical 
1
H NMR spectrum of a P(TMC21-co-
LLA79) copolymer is shown in Figure 4.5. The final molar monomer ratio of each product was 
found by using the integrations of the characteristic peaks labelled b and d which are directly 
comparable and correspond to the TMC and LLA units, respectively. The mol% incorporation of 
LLA was calculated using Equation 3.2 (Section 3.3.2).
12
       
 
1
H NMR analysis of the copolymer products also allowed the determination of the monomer 
distribution within the copolymers as resonances of the lactide units are sensitive to sequence 
effects. In Figure 4.5 it can be seen that the methine portion is enhanced and shows two major sets 
of peaks, labelled LLA-LLA (d > 5.08 ppm) and LLA-TMC (d < 5.08 ppm). Since the set LLA-
TMC is not found in the spectrum of poly(LLA) and its intensity increases as the content of TMC in 
the copolymer increases, assignment to methine protons linked to carbonate groups has been 
made.
20,40
 From this data the average block lengths of LLA (?̅?LLA) and TMC (?̅?TMC) were 
determined using Equations 3.3 and 3.4, respectively, as outlined in Chapter 3 Section 3.3.2. 
Previous reports have confirmed the applicability of this method by showing that the sequence 
lengths determined by 
1
H NMR are in accordance with those determined by the integration of the 
carbonyl signals obtained by 
13
C NMR analysis.
24
 In addition, it is reported that carbon dioxide may 
be released during the ROP of cyclic TMC which can form ether linkages in the copolymer 
product.
60
 If this were the case, a peak at 3.4 ppm would be present, however, as no such peak is 
seen across all copolymer spectra, it is concluded that CO2 was not released in substantial amounts 
during the synthesis of the P(TMC-co-LLA) copolymers, within the capabilities of 
1
H NMR 
analysis.   
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Peak 
Label 
Chemical 
Shift (ppm) 
e 1.4 – 1.6 
b 2.0 – 2.1 
a , c 4.1 – 4.3 
d 4.9 – 5.2 
 
Figure 4.5. Top: Chemical structure of the copolymer P(TMC-co-LLA) with the characteristic 
chemical shifts labelled. Bottom: 
1
H NMR spectrum of P(TMC21-co-LLA79) in CDCl3 with 
additional insert that focuses on the peaks between 4.9 - 5.2 ppm. It should be noted that the there is 
an additional peak at 5.28 ppm (*) not belonging to the copolymer but rather attributed to residual 
DCM solvent from the synthesis, as was evident in the majority of copolymer 
1
H NMR spectra. 
 
4.2.3 Synthesis and Characterisation of P(TMC-co-LLA) Copolymers: First Series 
In order to synthesise P(TMC-co-LLA) copolymers with a range of properties, a total of 9 different 
monomer feed ratios from 10 to 100% TMC were employed. All copolymer products from these 
reactions were obtained in high yields (≥ 68 % yield). These products were characterised via a 
number of different techniques so as to gain an understanding of their inherent properties, and how 
these properties are altered by the copolymer composition. As mentioned in Section 4.2.2.1, the 
copolymer composition and ?̅?LLA were calculated from 
1
H NMR data. The ?̅?𝑛 and ÐM were 
* 
LLA - LLA 
d 
a , c b 
e 
LLA - TMC 
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obtained by GPC analysis, Figure 4.6, and the thermal properties, i.e. the peak melting temperature 
(𝑇𝑚), the 𝑇𝑔 and the ωc of the copolymers were determined from DSC traces, Figure 4.7. A 
summary of these results, along with the initial monomer feed ratio used for each reaction, can be 
found in Table 4.1. 
 
Table 4.1. 
1
H NMR, GPC and DSC analysis of the first series of P(TMC-co-LLA) materials. 
Feed Rate Copolymer ?̅?LLA  ?̅?n  ÐM 𝑻𝒈 Tm ωc 
(TMC/LLA)   (kg/mol)   (˚C) (˚C) (%) 
10/90 P(TMC12-co-LLA88) Long 83 2.6       53 150, 163 30 
15/85 P(TMC16-co-LLA84) 14 63 1.9 44 130, 154 7.4 
20/80 P(TMC21-co-LLA79) 8.1 59 1.8 42 - - 
23/77 P(TMC27-co-LLA73) 8.1 49 1.7 37 - - 
30/70 P(TMC30-co-LLA70) 5.3 42 1.9 39 - - 
40/60 P(TMC39-co-LLA61) 3.6 33 1.9 26 134, 149 3.2 
50/50 P(TMC49-co-LLA51) 2.8 31 1.8 14 133.5, 147 1.9 
70/30 P(TMC73-co-LLA27) 1.8 23 1.8 -16.5, 7 - - 
100/0 P(TMC) None 18 1.8 -20.5 - - 
All DSC values (𝑇𝑔, Tm & ωc) were obtained from the 2
nd
 heating cycle of the DSC thermogram; (-) 
= Not Detected. 
 
The initial monomer feed ratio used for each reaction was found to be in close agreement with the 
actual monomer incorporation as determined from 
1
H NMR data, as indicated in the sample names 
in Table 4.1. For any given ROP reaction, the actual monomer incorporation was within 4 mol% of 
the initial monomer feed ratio which indicates good conversion of each monomer.
10
 This is in 
agreement with previously published polyester carbonate ROP reactions using the same catalyst, 
which had compositions that differed from the feed rate by up to 6 mol%
12
 and 12 mol%.
61
 The 
?̅?LLA was found to vary depending upon the copolymer composition decreasing with increasing 
TMC incorporation. “Long” LLA blocks were inferred for the P(TMC12-co-LLA88) material based 
on the LLA-TMC peaks being of too low intensity to be accurately integrated, while a block length 
between 14 and 1.8 were calculated for the materials with compositions between 16 and 73 mol% 
TMC.  
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Figure 4.6. GPC traces of the first series of synthesised P(TMC-co-LLA) materials in bulk form 
with x-axis in Log scale against a polystyrene standard.  
 
The ?̅?n of the synthesised copolymers ranged from 83 to 18 kg/mol, and showed a consistent 
decrease in the ?̅?n with increasing TMC incorporation, Table 4.1 and Figure 4.6. This trend is 
likely due to the presence of impurities such as water and/or other hydroxyl-containing impurities in 
the TMC monomer, as has been found previously.
62
 In addition, the P(TMC-co-DLLA) copolymers 
synthesised by the leading research group headed by Grijpma et al.
12,16,17
 of approximately 270 
kg/mol are of a significantly higher ?̅?n than those obtained in this study, despite using a similar 
synthetic methodology. At a constant catalyst concentration, there are several factors that affect the 
?̅?n of copolymers, including the purity of the reactants and the molar feed composition.
61
 As the 
catalyst concentrations and monomer feed compositions were similar between these experiments, it 
is likely that this difference in the ?̅?n is primarily due to variation in the purity of the reactants. The 
presence of trace impurities, such as water, can initiate polymerization which increases the number 
of the initiation centres, and thus, lowers the ?̅?n.
3,20,57,61
 It has been reported that the ?̅?n of P(TMC-
co-LLA) copolymers is strongly dependent on the number of times that the TMC monomer is 
recrystallised.
61
 When TMC was recrystallised twice from a THF and ether mixture it still retained 
some impurities, as detected by 
1
H NMR, and subsequently when used in ROP with LLA a low ?̅?n 
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P(TMC-co-LLA) copolymer of 10 kg/mol was obtained.
61
 In contrast, when the TMC monomer 
was recrystallised six times, less impurities were detected by 
1
H NMR and a P(TMC-co-LLA) 
copolymer with a higher ?̅?n of 42 kg/mol was obtained. Thus, the ?̅?n dropped significantly if the 
monomers, specifically the TMC monomer, was recrystallised twice rather than six times. 
Therefore, it is likely that an increased ?̅?n may have been made possible in this study through 
increasing the number of recrystallisation steps. Although the publications by the leading research 
group headed by Grijpma et al.
12,16,17
 do not report how many times they repeated their purification 
procedure for the TMC monomer, they did however, use a different monomer purification method. 
Rather than recrystallising the TMC monomer, they purified the TMC monomer by drying it over 
CaH2 in combination with distillation under reduced argon pressure.
16,17
 It appears that this 
purification method removed more initiating species/impurities from the monomers and thus 
allowed higher ?̅?n copolymers to be synthesised, as compared to recrystallising the monomers as 
was done in this study. The ÐM was generally between 1.7 – 1.9 for all copolymers which is 
common for ROP reactions of lactones using stanneous octoate,
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36
 with the exception of the 
P(TMC12-co-LLA88) copolymer which had a higher ÐM of 2.6. It is likely that transesterification 
reactions between growing branches during the ring-opening polymerization has occurred within 
the P(TMC12-co-LLA88) copolymer which has resulted in a broadening of the ?̅?n distribution, 
evident in Figure 4.6 where an extended tail of high ?̅?n species is seen in the GPC trace, and a ÐM 
of approximately 2 or greater.
12,57
  
 
The Fox equation, Equation 4.3, allows the estimation of the 𝑇𝑔 of a copolymer based on the glass 
transition temperatures of the respective homopolymers.
12,61
  
 
1
𝑇𝑔
=
𝑤1
𝑇𝑔1
+
𝑤2
𝑇𝑔2
                                                     [Equation 4.3] 
 
Where; 𝑤1 & 𝑤2 are the weight fractions of each homopolymer, and 
            𝑇𝑔1 & 𝑇𝑔2 are the glass transition temperatures of each homopolymer  
 
For a specific copolymer, if the experimental values are a close fit with the Fox equation, this 
indicates that a single amorphous phase exists.
12
 It can be seen from Table 4.1 and Figure 4.7, that 
the thermal properties of the copolymers demonstrate a decreased 𝑇𝑔 with increasing TMC 
incorporation, in close agreement with the Fox equation as based on values for the homopolymers; 
PLLA 𝑇𝑔 = 65 °C
63,64
 and PTMC 𝑇𝑔  = -20 °C
56
 (Figure 4.8). Samples showed one 𝑇𝑔 in general, 
suggesting a single amorphous phase exists within these P(TMC-co-LLA) copolymers, with the 
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Figure 4.7. DSC thermograms of the first series of the synthesised P(TMC-co-LLA) materials in 
bulk form in their second heating scan. (A) P(TMC12-co-LLA88); (B) P(TMC16-co-LLA84); (C) 
P(TMC21-co-LLA79); (D) P(TMC27-co-LLA73); (E) P(TMC30-co-LLA70); (F) P(TMC39-co-LLA61); 
(G) P(TMC49-co-LLA51); (H) P(TMC73-co-LLA27); (I) P(TMC). Up is exothermic; down is 
endothermic. 
 
exception of the P(TMC73-co-LLA27) copolymer which displayed two, one at -16.5 °C and the other 
at 6.7 °C. The detection of two glass transition temperatures signifies the existences of phase 
separation within the P(TMC73-co-LLA27) copolymer.
36,42,45,57,65
 This result indicates that there are 
some polymer chains within this sample that are dominant in TMC, displaying a 𝑇𝑔  at -16.5 °C, 
while the remaining polymer chains appear to be more dominant in LLA, resulting in the 𝑇𝑔  at 7 °C. 
Based on the Fox equation for the copolymers of this study it was estimated that some of the 
polymer chains within this P(TMC73-co-LLA27) material contain approximately 95 wt% TMC 
content, while the remainder contain approximately 62 wt% TMC content.    
 
In Table 4.1 and Figure 4.7 it can be seen that some of the P(TMC-co-LLA) compositions did not 
display a melting endotherm in the DSC heating scan. It has been reported that polyester carbonate 
materials, specifically those based on TMC and LLA, often display slow crystallisation kinetics in 
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their second heating cycle,
54
 which is likely why the melting endotherms are not detected for some 
copolymers (i.e. the cooling process was too fast for some of the copolymers to arrange into 
crystalline domains). Of the copolymers that did display melting endotherms, namely P(TMC12-co-
LLA88), P(TMC16-co-LLA84), P(TMC39-co-LLA61) and P(TMC49-co-LLA51), they were all within 
the range of 130 and 163 ˚C, and showed two characteristic peaks, indicating the formation of two 
different types of crystalline fractions.
25
 This result suggests that, for a given copolymer 
composition, the polymer chains likely possess some degree of variation in the polymer chain 
sequence of LLA to TMC, and thus result in crystalline regions with distinctly different melting 
points. Lastly, the ωc is shown to be affected by the LLA content within the copolymer, such that 
samples with higher LLA content have higher inherent ωc.    
 
 
 
Figure 4.8. Fox equation applied to theoretical P(TMC-co-LLA) copolymers based on PLLA 𝑇𝑔 = 
65 °C
63,64
 and PTMC 𝑇𝑔  = -20 °C,
56
 as well as the measured 𝑇𝑔 values obtained from DSC analysis. 
 
4.2.4 Synthesis and Characterization of P(TMC-co-LLA) Copolymers: Second Series 
The second series of P(TMC-co-LLA) synthesis utilised 5 monomer feed ratios that were within a 
narrower range of 23 – 44 mol% TMC, based on results obtained for the first series (Section 4.2.5 
onwards). All copolymer products from these reactions were obtained in high yields (≥ 73 % yield). 
The copolymer properties are summarised in Table 4.2 along with the initial monomer feed ratio 
used for each reaction. Furthermore, GPC traces are displayed in Figure 4.9 and DSC scans in 
Figure 4.10. 
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Table 4.2. 
1
H NMR, GPC and DSC analysis of the second series of P(TMC-co-LLA) materials. 
Feed Rate Copolymer ?̅?LLA   ?̅?n  ÐM 𝑻𝒈 Tm ωc 
(TMC/LLA)   (kg/mol)   (˚C) (˚C) (%) 
28/72 P(TMC9-co-LLA91) Long 67 1.5 56 149, 162 38 
23/77 P(TMC20-co-LLA80) 14 57 1.9 45 144, 160 31 
28/72 P(TMC25-co-LLA75) 11 53 1.9 38.5 141, 156 26 
34/66 P(TMC32-co-LLA68) 6.6 49 1.8 33 134, 150 13.9 
44/56 P(TMC36-co-LLA64) 6.4 41 1.8 35 135, 152 13.7 
All DSC values (𝑇𝑔, Tm & ωc) were obtained from the 2
nd
 heating cycle of the DSC thermogram. 
 
 
 
 
Figure 4.9. GPC traces of the second series of synthesised P(TMC-co-LLA) materials in bulk form 
with x-axis in Log scale against a polystyrene standard. 
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Figure 4.10. DSC thermograms of the second series of P(TMC-co-LLA) materials in bulk form in 
their second heating scan. Up is exothermic; down is endothermic. 
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In the first row of Table 4.2 it can be seen that the monomer feed ratio used for the synthesis of this 
polymer was very different to the actual monomer incorporation, as detected by 
1
H NMR. Although 
28 mol% TMC was initially used as the feed ratio, only 9 mol% TMC was successfully 
incorporated into the copolymer. For this particular reaction, the SnOct2 had been made into a 
solution in dry DCM and stored for 8 months prior to use, and this appears to have affected the 
catalysts reactivity. In the remaining reactions this effect was rectified by using a freshly made 
SnOct2 solution in dry DCM, and this resulted in the synthesised materials having monomer ratios 
within 8 mol% of that of the initial monomer feed ratio, Table 4.2.  
 
As observed for the first series, the ?̅?LLA was found to vary depending upon the copolymer 
composition and showed a decrease with increased TMC incorporation. “Long” LLA blocks were 
inferred for the P(TMC9-co-LLA91) material based on the LLA-TMC peaks being of too low 
intensity to be accurately integrated, while a block length between 13.9 and 6.4 were calculated for 
the materials with compositions between 20 and 36 mol% TMC. Similar to that observed for the 
first series (described in Section 4.2.2), the ?̅?n of the synthesised copolymers ranged from 67 to 41 
kg/mol, and a consistent decrease in the ?̅?n is seen with increasing TMC incorporation, Table 4.2 
and Figure 4.9. The ÐM was between 1.5 – 1.9 for all materials which is again similar to that 
observed for the first series.  
 
The thermal properties of the copolymers show that the 𝑇𝑔 decreases with increasing TMC 
incorporation, Table 4.2 and Figure 4.10, which agrees well with the Fox equation as shown in 
Figure 4.11. All samples showed one 𝑇𝑔, demonstrating a single continuous phase. However, the 
P(TMC36-co-LLA64) copolymer had a higher 𝑇𝑔 than expected according to the Fox equation, which 
is displaying a 𝑇𝑔 that is estimated to be closer to that of a copolymer containing 29 mol% TMC, 
Figure 4.11. In addition, all synthesised P(TMC-co-LLA) materials displayed melting endotherms 
in the DSC heating scan which ranged between 134 – 162 ˚C. Each melting endotherm showed two 
characteristic peaks which may be due to melting and subsequent recrystallisation events. The 
crystalline content is affected by the LLA content within the copolymer, such that samples with 
higher LLA content are inherently more crystalline, as was found for the first series of copolymers 
described in Section 4.2.2.  
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Figure 4.11. Fox equation applied to theoretical P(TMC-co-LLA) copolymers based on PLLA 𝑇𝑔 = 
65 °C
63,64
 and PTMC 𝑇𝑔  = -20 °C,
56
 as well as the measured 𝑇𝑔 values obtained from DSC analysis. 
 
4.2.5 2D Solvent Cast Films 
The first series of copolymers with compositions ranging from 16 – 49 mol% TMC, were cast into 
films. The casting of the P(TMC12-co-LLA88) copolymer was trialled three times with no success, 
and produced rigid curled films. Similarly, the PTMC material produced a film which cracked into 
small pieces upon drying and the P(TMC73-co-LLA23) copolymer was observed to exhibit flow 
behaviour at room temperature due to its low 𝑇𝑔 and was therefore unsuitable for solvent casting. 
The solvents used for casting were either a mixture of DCM and PGMEA, or pure PGMEA. The 
solvent mixture used during the film casting was chosen depending on the solubility of each 
individual copolymer sample. The copolymers with low TMC content, (16 and 21 mol% TMC), 
were dissolved in a solvent mixture of PGMEA and DCM, while all remaining copolymers with 
higher TMC content were dissolved in PGMEA. 
 
4.2.5.1   Film Morphology  
The surface morphology of the copolymer films was investigated using scanning electron 
microscopy (SEM). Figure 4.12 shows SEM images for both the surface-air (SA) and surface-glass 
(SG) interface of each copolymer film. For the P(TMC16-co-LLA84) copolymer, the surface 
morphology of the interfaces are distinctly different, Figure 4.9, and shows a relatively smooth 
homogeneous surface on one side (SG), and a highly irregular film surface with visible pores on the 
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P(TMC16-co-LLA84)  P(TMC16-co-LLA84)  
P(TMC21-co-LLA79)  P(TMC21-co-LLA79)  
P(TMC27-co-LLA73)  P(TMC27-co-LLA73)  
P(TMC30-co-LLA70)  P(TMC30-co-LLA70)  
P(TMC39-co-LLA61)  P(TMC39-co-LLA61)  
P(TMC49-co-LLA51)  
Surface-Air (SA) Interface 
Figure 4.12. SEM images of 
copolymer solvent cast films; SG 
and SA denote the surface-glass 
and surface-air interface, 
respectively. 
 
Surface-Glass (SG) Interface 
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opposite side (SA). The rough morphology of the SA interface is attributed to water droplets 
condensing on the surface as the solvent evaporated from the surface of the film.
66
 Furthermore, the 
condensation process appears to be linked to the DCM solvent used to cast this film, as the extent of 
surface roughness is minimal in the films which were cast with smaller ratios of DCM. The films 
with 21 – 30 mol% TMC all show relatively smooth surface morphologies on both surfaces, while 
the copolymer films with higher TMC content, 39 and 49 mol% TMC, show stretching artifacts on 
the SG interface that are a result of the removal process of these films from the glass Petri dish to 
which they had adhered.  
 
4.2.5.2   GPC and DSC Analysis 
In order to evaluate the effect of processing on the polymer properties the films underwent 
GPC and DSC analysis. For GPC analysis, the films were tested both in their dry state (as-cast) and 
in their wet state (after soaking in PBS for 76 – 79 hrs). No significant changes were observed in the 
?̅?n or ÐM for the films as compared to the starting material, Appendix(A) I and II. A summary of 
the thermal properties of the copolymers and their corresponding solvent cast films is shown in 
Table 4.3. The DSC traces of the first and second heating cycles of the dry films are shown in 
Figures 4.13 and 4.14, respectively.   
 
Table 4.3. Results obtained from DSC analysis for the bulk materials and their corresponding 
solvent cast films.                  
  Material Composition (mol% TMC) 
  16  21 27 30 39 49 
Copolymer
 b
  𝑻𝒈 (˚C) 44 42 37 39 26 14 
 Tm1 (˚C) 130  - - - 134 133.5  
 Tm2 (˚C) 154 - - - 149 147 
 ωc (%) 7.4 - - - 3.2 1.9 
Film
 a
 𝑻𝒈𝟏 (˚C) 5 11 12 10  7 6 
 𝑻𝒈𝟐 (˚C) - 54 54.5 58 - - 
 Tm (˚C) 146.5 151 142 139 142 147 
 ωc (%) 9.7 5.7 5.4 3.0 2.4 1.3 
Film
 b
 𝑻𝒈 (˚C) 21 21 13 10 12 7 
 Tm1 (˚C) 128 131 125 127 131 132  
 Tm2 (˚C) 147 153 138 140 144 145 
 ωc (%) 14 6.2 4.9 2.5 3.1 1.8 
DSC values (𝑇𝑔, Tm & ωc) were obtained from; (a) 1
st
 heating cycle; (b) 2
nd
 heating cycle of the 
DSC thermogram; (-) = Not Detected. 
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Figure 4.13. DSC thermograms of solvent cast films produced from the first series of P(TMC-co-
LLA) materials in their first heating scan. Up is exothermic; down is endothermic.  
 
Comparing the bulk thermal properties to those of the films (in their first heating cycle), it is found 
that the films display a significantly reduced glass transition temperature, Table 4.3 and Figures 4.7 
and 4.13. The significant depression in the 𝑇𝑔 after processing of these materials into solvent cast 
films is likely due to the plastercization effect of residual solvent.
12,67
 This was further investigated 
using ATR-IR, however, no residual solvent could be detected within the capabilities of the 
instrument of roughly 5% (data not shown).
66
 Pego et al. reported that the last traces of chloroform 
extremely difficult to remove from solvent cast films of statistical P(TMC-co-DLLA) copolymers, 
especially those with high DLLA content.
12
 They therefore did compression moulding of their 
materials for mechanical testing.
12
 
 
The P(TMC21-co-LLA79), P(TMC27-co-LLA73) and P(TMC30-co-LLA70) films display an additional 
𝑇𝑔 at 54 °C, 54.5 °C and 58 °C, respectively, Table 4.3 and Figure 4.13. The fact that these 
copolymer films are displaying two glass transition temperatures suggests that there is phase 
separation occurring within these samples.
36,42,45,57,65
 These transitions correspond to amorphous 
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regions of PLLA (PLLA 𝑇𝑔 = 65 °C
63,64
) within the P(TMC-co-LLA) network. Since these 
amorphous regions of PLLA are not seen in any of the bulk materials they are likely due to the 
solvent casting process of the films. There is also an indication of a small 𝑇𝑔 at around 52 °C for the 
P(TMC16-co-LLA84) film, however, this transition was too small to be accurately determined. In 
addition, the P(TMC16-co-LLA84) film displays an indication of a low temperature Tm at around 103 
°C, but it is very minor compared to the main melting endotherm at 146.5 °C. The indication of the 
low temperature Tm suggests that a second type of crystalline fraction has formed within this film,
25
 
which is likely from a crystalline region forming between chains which contains less LLA as 
compared to the chains that form the crystals that melt at 146.5 °C. Again, this is likely related to 
the solvent casting process, as no low temperature melting endotherms have been seen previously in 
any of the copolymers in bulk form. It is theorised that the presence of the casting solvent, which 
acts as a plasticizer and lowers the 𝑇𝑔, assists polymer chain mobility and thus facilitates the 
formation of two crystalline regions in the P(TMC16-co-LLA84) solvent-cast film. In general, the 
presence of plasticizers swell the amorphous regions which lower the cohesion between the chains 
and allows these regions to function as flexible elastomeric domains.
41
 The DSC traces in Figure 
4.13 also reveal that the ωc of the films varied between 12 to 1.3 %, such that samples with higher 
LLA content have higher inherent ωc, as was previously found for the bulk copolymer. 
Interestingly, the main melting endotherms of all the films showed single peaks, which differs from 
the double peaks previously seen for the bulk materials, Figure 4.7 in Section 4.2.2. 
 
When the films underwent a second heating cycle, there is a general trend of detecting an increased 
value for 𝑇𝑔 as compared to the first heating cycle, Table 4.3 and Figures 4.13 and 4.14. The glass 
transition temperatures of the P(TMC16-co-LLA84) and P(TMC21-co-LLA79) films were found to 
have the largest increase, changing from 5 °C and 11 °C, respectively to 21 °C. This result suggests 
that heating to 190 °C during the first DSC cycle allowed evaporation of DCM and PGMEA 
solvents out of the polymer films, (boiling points are 40 °C and 146 °C, respectively). This allowed 
some of the residual solvents to be released from the polymer network during the first heating cycle, 
and thus, less solvent remained in the second heating cycle to act as a plasticizer which generally 
saw an increase in the 𝑇𝑔. In addition, the 𝑇𝑔 for amorphous PLLA at around 57 °C is no longer 
detected, and all films show one glass transition temperature. This suggests, that upon heating to 
190 
o
C the PLLA rich polymer chains that originally formed crystalline domains during the solvent 
casting process, were melted and upon cooling were not able to re-form into crystalline domains. 
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Figure 4.14. DSC thermograms of solvent cast films produced from the first series of P(TMC-co-
LLA) materials in their second heating scan. Up is exothermic; down is endothermic. 
 
Although the glass transition temperatures increased in the second heating cycle, relative to the first, 
the values are still significantly lower than that of the starting copolymer, suggesting that not all 
solvent is removed. Since the DSC pans are sealed vessels, some solvent still remained in the films. 
Thus, a depression in the 𝑇𝑔 of the films in their second heating cycle is seen, as compared to the 
bulk materials. The extent of this difference in the 𝑇𝑔 for each copolymer and corresponding film is 
demonstrated in Figure 4.15.  
 
The ωc of the films in their second heating cycle varied from 14 to 1.8 % as the TMC content 
increased, which was comparable to the trends obtained for these films in their first heating cycle. 
All the films demonstrated two separate melting endotherms, one around 129 °C and another at 
around 144 °C. This result suggests that the copolymer chains have formed distinctly different 
crystalline regions within the polymer network, as was seen previously when these materials were 
in their bulk form, Section 4.2.2, Figure 4.7. This additional lower temperature Tm present in the 
second heating cycle of the films suggests that heating to 190 
o
C allows the low LLA content chains 
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to crystallise so that a defined Tm is seen at a lower temperature, in addition to the original higher 
Tm present in the first heating scan. In summary, although the main thermal properties were restored 
to the polymer films after the first heating cycle, residual solvent caused the 𝑇𝑔 values to remain 
lower than those of the bulk copolymers. 
 
 
 
Figure 4.15. 𝑇𝑔 as a function of copolymer composition for the bulk and solvent cast films of the 
first series of P(TMC-co-LLA) copolymers (data from 2
nd
 heating cycle). 
 
4.2.5.3   Tensile Testing  
Tensile measurements of the films were performed in multiple repeats, under dry conditions, 
which used the films as-cast, and under wet conditions, whereby the films were pre-soaked in PBS 
for 76 – 79 hours at room temperature to reach equilibrium water uptake prior to testing. This 
soaking time was based on preliminary studies on equilibrium water uptake of the films.  
 
4.2.5.3.1   Tensile Testing – under Dry Conditions  
A summary of the mechanical properties gained from tensile testing of the solvent cast films 
under dry conditions, is found in Table 4.4 and Appendix(A) III (which gives values for individual 
films). Like-wise, Figure 4.16 shows the individual repeats of the stress-strain curves from each 
copolymer film overlaid onto a single plot. 
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Table 4.4. Mechanical properties (± standard deviation) gained from tensile testing of the solvent 
cast films under dry conditions. 
Copolymer Thickness  E σmax   εbreak  Toughness 
 (µm) (MPa)   (MPa) (%) (mJ/mm
3
) 
  P(TMC16-co-LLA84) 
b
 192  (21) 271  (36) 15.5  (1.2) 356  (20) 43  (4) 
  P(TMC21-co-LLA79)
 a
 185  (23) 42  (3) 8.2  (0.5) 365  (67) 25  (6) 
  P(TMC27-co-LLA73)
 d
^ 155  (5)  89  (14) 8.8  (0.4) 446  (31) 30  (3) 
  P(TMC30-co-LLA70)
 a
^ 119  (16)  47  (28) 5.4  (0.5) 570  (39) 23  (1) 
  P(TMC30-co-LLA70)
 c
* 241  (35) 18  (8) 3.0  (0.4) 647  (78) 16  (3) 
  P(TMC39-co-LLA61)
 c
 176  (10) 7.3  (1.4) 1.6  (0.2) 1028  (109) 14  (3) 
 
 P(TMC49-co-LLA51)
 c
 205  (38) 2.8  (0.2) 0.6  (0.1) 1287  (170) 5  (2) 
Number of repeats: a = 3, b = 4, c = 5, d = 6. Film thicknesses are generally comparable across all 
compositions with the exception of; ^ thin film set; * thick film set  
 
 
 
Figure 4.16. Stress-strain curves of multiple repeat tests of solvent cast samples measured under 
dry conditions. Dotted lines represent individual samples and the corresponding mechanical 
properties of these films are outlined in Appendix(A) III. Film thicknesses are comparable across all 
films tested with the exception of; ^ thin film set/individual film; * thick film set/individual film.  
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From the initial slope of the stress stain curves (Figure 4.16) it can be seen that the stiffness of these 
films is strongly dependent on the copolymer composition, such that, higher LLA incorporation 
results in stiffer films. Films with higher LLA content are also seen to undergo larger loads before 
becoming irreversibly deformed, have more strength, and also require more energy in order to cause 
the material to fail, as indicated by the area under the curve. Conversely, these copolymers show the 
prominent trend of becoming significantly more ductile as the TMC content is increased. 
 
As previously seen in Table 4.3, all solvent cast films shared a similar 𝑇𝑔, 𝑇𝑔1 = 5 – 12 
o
C, in the 
first heating cycle and similar melting temperatures, despite their different compositions. Therefore, 
it appears that the differences in their mechanical behaviour are 𝑇𝑔 and Tm independent. Conversely, 
the ωc was composition dependent, changing from 9.7% to 1.3% as the TMC content was increased, 
Table 4.3. The mechanical properties varied from strong, stiff and tough materials, P(TMC16-co-
LLA84), to moderately strong, stiff and tough, P(TMC21-co-LLA79), P(TMC27-co-LLA73) and 
P(TMC30-co-LLA70), to rubbery and highly elastic materials, P(TMC39-co-LLA61) and P(TMC49-
co-LLA51). These differences appear to be strongly composition and crystalline content dependent, 
as has been found by previous researchers for similar polyester carbonate systems.
23,40,52
 
Furthermore, the P(TMC21-co-LLA79), P(TMC27-co-LLA73) and P(TMC30-co-LLA70) copolymers 
had a second 𝑇𝑔 (𝑇𝑔2) detected between 54 – 58 
o
C which indicates the presence of phase 
separation.
36,42,45,57,65
 It has been shown previously that phase separated block copolymers often 
show improved mechanical properties over random non-phase separated systems.
43,52
 However, the 
presence of phase separation in this data set of random copolymers does not appear to have greatly 
changed the mechanical behaviour as their mechanical profiles do not deviate from the trends seen 
in the non-phase separated films, Table 4.3 and Figure 4.16.  
 
In addition, the film thickness played a significant role in the overall mechanical performance of 
these materials. Comparing films of the P(TMC30-co-LLA70) material with different average film 
thicknesses of 119 µm versus 241 µm, Figure 4.16 and Table 4.4, it is clear that thinner films are 
generally stiffer, have increased strength and are tougher, while the thicker films are less stiff, have 
less strength and are less tough. The extent of elongation between the P(TMC30-co-LLA70) films of 
different thicknesses were found to be unchanged within error and thus appears to be solely 
composition dependent. Thickness effects are also seen in the P(TMC39-co-LLA61) films, where the 
thick 230 µm film and thin 100 µm film showed reduced and enhanced mechanical properties, 
respectively, as compared to the main set of films with average thickness of 176 µm, Figure 4.16, 
Table 4.4 and Appendix(A) III. Furthermore, the P(TMC27-co-LLA73) set of films had a comparably 
thinner average thickness of 155 µm, than the majority of other films sets, which is likely why these 
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films overlap with the P(TMC21-co-LLA79) films in Figure 4.16, despite their different 
compositions. In support of this, a thick 280 µm P(TMC27-co-LLA73) film was measured, Figure 
4.16 and Appendix(A) III, which shows a significantly lower modulus, strength and toughness. 
These trends imply that tailored mechanical properties can be achieved not only based on the 
material composition, but also on the samples thickness (i.e. samples dimensions). The trends seen 
in this data set are in agreement with previous researchers who found that the mechanical properties 
vary with sample thickness such that thinner samples achieved greater elongation
23,43,54
 and showed 
higher values for the E, tensile strength, elongation at yield and σmax.
56
 
 
Two interpretations are presented which offer possible explanations as to why sample thickness has 
affected the mechanical performance of these films. The first is the effect of surface properties 
versus bulk properties. During the casting process the copolymer chains can experience one of two 
different environments; the surface interface (either surface-air or surface-glass) or the bulk phase. 
If the bulk properties of the polymer are significantly different from the surface properties, it would 
mean that the thicker films would display different mechanical responses to thinner films of the 
same chemical composition, based on their inherently different surface-to-volume ratios. In each 
specific case; 155 µm vs. 280 µm films of the P(TMC27-co-LLA73); 119 µm vs. 241 µm films of the 
P(TMC30-co-LLA70); and 100 µm vs. 230 µm films of the P(TMC39-co-LLA61) copolymer; all of 
the thinner films have 1.8 – 2.2 times larger surface-to-bulk ratio than the thicker films. 
  
The second interpretation is related to the residual solvent plastisization effect. In Section 4.2.5.2, it 
was established that the films have a reduced 𝑇𝑔 as compared to the bulk copolymers from which 
they were cast, which was attributed to residual solvent remaining from the casting process. For a 
given copolymer composition, it follows that thicker films will have slower solvent diffusion, as 
compared to thinner films, and thus will retain more residual solvent which lowers the mechanical 
properties. 
 
4.2.5.3.2   Tensile Testing – under Wet Conditions  
The tensile tests were repeated for films that had been pre-soaked in PBS for 76 – 79 hours. 
The equilibrium water uptake was found to be < 2 wt% across the entire range of films. This result 
is consistent with findings from previous researchers who found low equilibrium water uptake 
values of less than 5 wt% for similar polyester carbonate systems.
16,17,27
 A summary of the 
mechanical properties gained from tensile testing of the solvent cast films under wet conditions is 
found in Table 4.5 and Appendix(A) IV (individual films). In addition, Figure 4.17 shows the 
individual repeats of the stress-strain curves from each copolymer film overlaid onto a single plot.  
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Table 4.5. Mechanical properties (± standard deviation) gained from tensile testing of the solvent 
cast films under wet conditions. 
Copolymer Thickness   E σmax   εbreak  Toughness 
 (µm) (MPa)   (MPa) (%) (mJ/mm
3
) 
  P(TMC16-co-LLA84) 
a
 220  (21) 330  (59) 19.8  (1.5) 381  (29) 60  (7) 
P(TMC21-co-LLA79)
 a
 223  (26) 122  (32) 13.5  (1.5) 423  (29) 41  (5) 
  P(TMC30-co-LLA70)
 c
 155  (18) 34  (8) 7.3  (0.9) 545  (31) 25  (3) 
  P(TMC39-co-LLA61)
 b
 148  (19) 24  (3) 3.2  (0.5) 639  (24) 16  (1) 
Number of repeats: a = 5, b = 6, c = 7 
 
 
Figure 4.17. Stress-strain curves of multiple repeat tests of solvent cast samples measured under 
wet conditions. Dotted lines represent individual samples and the corresponding mechanical 
properties of these films are outlined in Appendix(A) III. Film thicknesses are comparable across all 
films tested with the exception of; ^ thin individual film.  
 
Figure 4.17, Table 4.5 and Appendix(A) IV, demonstrate that the wet pre-soaked films generally 
show the same compositional and thickness dependent trends as the films tested under dry 
conditions; such that higher LLA incorporation is seen to result in stiffer, stronger and tougher 
films, while increasing TMC incorporation results in more ductile films; and the P(TMC39-co-
LLA61) composition displayed mechanical data with a higher degree of stiffness, strength and 
toughness for the thin individual 106 µm film, as compared to the set of films with an average film 
thickness of 148 µm.  
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4.2.5.3.3   Evaluation of Tensile Properties under Dry and Wet Conditions  
The mechanical data for samples where the film thicknesses are comparable between the dry 
and wet tested films, within each molar composition, are presented in Table 4.6. In addition, Figure 
4.18 shows the individual repeats of the stress-strain curves from each copolymer film under dry 
and wet conditions, overlaid onto a single plot. 
 
Table 4.6. Comparison summary table of the mechanical properties gained under dry versus wet 
conditions from the tensile testing of the solvent cast films of various molar compositions. 
Copolymer Condition Thickness  E σmax   εbreak  Toughness 
  (µm) (MPa)   (MPa) (%) (mJ/mm
3
) 
P(TMC16-co-LLA84)  Dry
 b
 192  (21) 271  (36) 15.5  (1.2) 356  (20) 43  (4) 
 Wet
 c
 220  (21) 330  (59) 19.8  (1.5) 381  (29) 60  (7) 
P(TMC21-co-LLA79) Dry
 a
 185  (23) 42  (3) 8.2  (0.5) 365  (67) 25  (6) 
 Wet
 c
 223  (26) 122  (32) 13.5  (1.5) 423  (29) 41  (5) 
  P(TMC30-co-LLA70) Dry
 a
 119  (16) 47  (28) 5.4  (0.5) 570  (39) 23  (1) 
 Wet
 e
 155  (18) 34  (8) 7.3  (0.9) 545  (31) 25  (3) 
  P(TMC39-co-LLA61) Dry
 c
 176  (10)     7.3  (1.4) 1.6  (0.2) 1028  (109) 14  (3) 
 Wet
 d
 148  (19)     24  (3) 3.2  (0.5) 639  (24) 16  (1) 
Number of repeats: a = 3, b = 4, c = 5, d = 6, e = 7. Film thicknesses are generally comparable 
between the dry and wet tested sets within each molar composition. 
 
Comparison of the films tested under dry and wet conditions reveals that the wet films generally 
exhibited an increased stiffness and strength (Table 4.6 and Figure 4.18). Furthermore, the 
copolymer films with low TMC incorporation, P(TMC16-co-LLA84) and P(TMC21-co-LLA79), were 
tougher when pre-soaked in PBS as compared to when dry, while P(TMC30-co-LLA70) and 
P(TMC39-co-LLA61) films had no change is their toughness across the two conditions. The ductility 
for all film compositions is similar across the dry and wet conditions, except for the P(TMC39-co-
LLA61) films which display significantly greater elongation under dry conditions. These results 
suggest that samples undergo greater extents of plastic drawing, otherwise known as cold drawing, 
after being submersed in PBS for 3 days as opposed to under dry testing conditions.”      
 
The wet samples were expected to have weaker mechanical properties due to the plasticization 
effect of the submersing media.
12,15,17,23,40
 However, in this study, the copolymer films displayed 
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enhanced mechanical properties after soaking in PBS. Through DSC analysis of the solvent cast 
films and the bulk copolymers from which they were made, it was found that the solvent cast films 
are experiencing a ‘plasticization effect’ from residual solvent, as evidenced by a significant 
decrease in the 𝑇𝑔 (Figure 4.15). Submersing these films in PBS allows water to penetrate into the 
film and thus it is possible, in theory, for the low ?̅?n copolymeric chains to diffuse out of the film 
and enter the media. If this were the case, the resultant film would have a higher ?̅?n, narrower ÐM, 
and in general possess greater stiffness, strength and toughness. However, in this study, the GPC 
traces did not show any evidence of this, Appendix(A) I and II, and thus, this theory does not 
sufficiently explain why enhanced mechanical properties are seen in these films after soaking in 
PBS. 
 
 
Figure 4.18. Stress-strain curves of multiple repeat tests of solvent cast samples measured under (a) 
dry and (b) wet conditions. Film thicknesses are comparable across all films tested. 
 
Alternatively, submersing these films in PBS could presumably allow the water to penetrate into the 
film and release some of the residual solvent which in turn improves the mechanical performance 
through a lowered plasticisation effect.
12
 Additionally, the mechanical properties of polymers can 
improve after soaking in media as the increased chain mobility provided by the media can promote 
an annealing effect and facilitate recrystallisation of previously amorphous regions.
25
 Annealing 
increases the crystalline content
25
 which is known to increase a polymers mechanical 
properties.
20,23,41,54
 Thus, based on the trends of obtaining improved mechanical properties when the 
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films are soaked in PBS versus when dry, it is probable that less solvent remained in the PBS 
soaked films versus the dry films and/or the sample annealed over time with PBS soaking. 
Furthermore, these theories are supported by complementary DSC data in which the 𝑇𝑔 and ωc % 
increase after 34 days in PBS media (seen via comparing data in Tables 4.3 & 4.9 which is 
discussed further in Section 4.2.6.3 on page 107). 
 
4.2.5.4   Evaluation of Material Properties 
The mechanical properties obtained from the copolymers synthesised in this project are 
compared with those from other research groups that are closely matched in composition. 
Comparisons are made with P(TMC-co-LLA) and P(TMC-co-DLLA) copolymers, Table 4.7.  
 
Table 4.7. Comparison of the mechanical properties of dry P(TMC-co-LLA) copolymers from this 
project with similar random P(TMC-co-LLA) and P(TMC-co-DLLA) copolymers from leading 
research groups.  
Sample Thickness  Tg                   ωc  ?̅?n          E     σmax   εbreak   
 (µm)    (ºC) (%) (kg/mol) (MPa) (MPa) (%) 
P(TMC16-co-LLA84) 
P(TMC21-co-LLA79) 
P(TMC27-co-LLA73) 
P(TMC30-co-LLA70) 
P(TMC49-co-LLA51) 
192
 a
 
185
 a
 
155
 a
 
119
 a
 
205
 a
 
21 
21 
13 
10 
7 
14 
6.2 
4.9 
2.5 
1.8 
63 
59 
49 
42 
31 
271 
42 
89 
47 
2.8 
15.5 
8.2 
8.8 
5.4 
0.6 
356 
365 
446 
570 
1287 
P(TMC15-co-LLA85)
 d
 
P(TMC32-co-LLA68)
 d
 
100 - 150
 b 
100 - 150
 b
 
40 
22 
- 
- 
38 
48 
1480 
650 
55 
39 
15 
375 
P(TMC30-co-LLA70)
 e
 
P(TMC50-co-LLA50)
 e
 
2,000
 b
 
2,000
 b
 
23 
9 
- 
- 
- 
- 
14 
5.2 
- 
- 
519 
963 
P(TMC16-co-LLA84)
 f
 
P(TMC22-co-LLA78)
 f
 
P(TMC25-co-LLA75)
 f
 
200
 c
 
200
 c
 
200
 c
 
51 
46 
42 
22 
8.7 
ND 
80 
62 
51 
491 
375 
290 
22 
17.5 
8.2 
- 
- 
- 
P(TMC30-co-LLA70)
 g
 -
 a
 20 15 - 311 21 330 
P(TMC54-co-DLLA46)
 h
 500
 b
 6 - 110 3.8 1.3 650 
P(TMC20-co-DLLA80)
 i
 
P(TMC50-co-DLLA50)
 i
 
600
 b 
600
 b
 
43 
17 
ND 
ND 
285 
256 
1900 
16 
51 
10 
7 
570 
a: Solvent cast films, b: Compression moulded films, c: Combination of solvent cast and 
compression moulded films, (-) = Not Determined, ND = Not Detected, References: (d)
61
, (e)
40
, (f)
6
, 
(g)
68
, (h)
20
, (i)
12,16,17
.  
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When comparing the copolymers synthesised in this project to those by Ruchenstein et al.
61
 of 
comparable molar composition, Table 4.7, it can be seen that the P(TMC15-co-LLA85) and 
P(TMC32-co-LLA68) copolymers synthesised by Ruchenstein et al.
61
 have a significantly increased 
E and σmax and reduced ductility when compared to the P(TMC16-co-LLA84) and P(TMC30-co-
LLA70) copolymers synthesised in this project. This difference in mechanical properties may be 
largely due to the film processing methods used (i.e. solvent casting versus compression moulding). 
The solvent casting method used in this study significantly reduced the 𝑇𝑔, due to residual solvent, 
for the P(TMC16-co-LLA84) and P(TMC30-co-LLA70) copolymer films to 21 and 10 
o
C, 
respectively, while the 𝑇𝑔 of the compression moulded P(TMC15-co-LLA85) and P(TMC32-co-
LLA68) copolymer films was higher at 40 and 22 
o
C, respectively. As mentioned in Section 4.1.4, 
when polymers are mechanically tested at temperatures at or below their 𝑇𝑔, as is the case with the 
P(TMC16-co-LLA84) and P(TMC30-co-LLA70) copolymer films in this study, they generally exhibit 
very ductile behaviour with high elongations at break, and lowered values of E and σmax.
12,15,23
 
Thus, with the large difference in the 𝑇𝑔 between the films, (i.e. 21 versus 40 
o
C and 10 versus 22 
o
C), it is not surprising that the copolymer films from this study demonstrate higher ductility but 
reduced E and σmax compared to the copolymer films as synthesised by Ruchenstein et al.
61
   
 
The P(TMC30-co-LLA70) compression moulded films by Buchholz et al.
40
 also possess an increased 
𝑇𝑔 (23 
o
C) as compared to the P(TMC30-co-LLA70) solvent cast films from this study (𝑇𝑔  = 10
 o
C), 
Table 4.7. However, despite this difference in the 𝑇𝑔, the P(TMC30-co-LLA70) copolymer films by 
Buchholz et al.
40
 have a lower E of 14 MPa, compared to 47 MPa for the solvent cast P(TMC30-co-
LLA70) films. This difference in mechanical properties is possibly due to the variation in film 
thicknesses, as the P(TMC30-co-LLA70) films from this study were significantly thinner at 119 µm, 
as compared to the thick 2000 µm films by Buchholz et al.
40
 Thinner films have been known to 
display an enhanced elastic modulus, as mentioned in Section 4.1.4,
56
 which is in agreement with 
the differences in the mechanical properties seen here. The ductility of the films is similar, reaching 
either 519 or 570 %. In addition, the P(TMC49-co-LLA51) films from this study and the P(TMC50-
co-LLA50) films by Buchholz et al.
40
 have comparable 𝑇𝑔 values and have relatively comparable 
elastic moduli, 2.8 and 5.2 MPa, respectively. Therefore, it appears that the processing method for 
this set of copolymers is not strongly affecting the mechanical properties of the films. However, the 
P(TMC49-co-LLA51) solvent cast films are significantly more ductile reaching an 𝜀break value of 
1287 %, as compared to 963 % for the P(TMC50-co-LLA50) compression moulded films. The 
difference in ductility is likely a film thickness effect, (205 versus 2000 µm), as thinner samples 
often achieve enhanced elongations before breaking.
23,43,54,56
 Furthermore, it should be noted that 
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Buchholz et al.
40
 did not report the ?̅?n of the copolymers, and thus, no evaluation of the effect of 
?̅?n could be made.  
 
The P(TMC16-co-LLA84), P(TMC22-co-LLA78) and P(TMC25-co-LLA75) copolymer films 
mechanically tested by Han et al.
6
 were of similar thickness and ?̅?n to the P(TMC16-co-LLA84), 
P(TMC21-co-LLA79) and P(TMC27-co-LLA73) films from this study. However, the films by Han et 
al.
6
 had significantly higher E values compared to those from this study which is likely due to their 
significantly higher 𝑇𝑔 values (between 25 to 30 
o
C higher). Upon comparing the σmax values from 
both studies, it appears that the P(TMC27-co-LLA73) and P(TMC25-co-LLA75) films are similar (8.8 
and 8.2 MPa, respectively) but the P(TMC16-co-LLA84) and P(TMC22-co-LLA78) by Han et al.
6
 
have higher values (22 and 17.5 MPa, respectively) compared to the P(TMC16-co-LLA84) and 
P(TMC21-co-LLA79) films from this study (15.5 and 8.2 MPa, respectively). These results might 
have been affected by the difference in ωc between the samples of 8 % for the P(TMC16-co-LLA84) 
films and 2.5 % for the P(TMC21-co-LLA79) and P(TMC22-co-LLA78) films.
20,23,41,54
 Like-wise the 
P(TMC30-co-LLA70) solvent cast films by Yang et al.
68
 have an increased E and σmax and reduced 
ductility compared to the films from this study, again, likely due to the higher 𝑇𝑔 and ?̅?n of these 
films. The publication by Yang et al.
68
 states that the film thicknesses were measured with a digital 
micrometer, however, the actual values are not reported anywhere within this publication. 
Additionally, no GPC was performed, and so the copolymer ?̅?n remains unknown.
68
 Thus, no 
comparison could be made between these two parameters and the mechanical properties of these 
films.  
 
Comparing the P(TMC-co-LLA) films from this study to the P(TMC-co-DLLA) films by the 
leading research group headed by Grijpma et al.
20
 is less applicable as the monomers are different 
which strongly affects the mechanical properties of the resulting copolymers.
24,43
 However, as these 
P(TMC-co-DLLA) films have been shown to be promising materials for vascular 
applications,
12,16,17,20
 their properties were compared to the P(TMC-co-LLA) copolymers for this 
study. When comparing the P(TMC49-co-LLA51) films from this study to the P(TMC54-co-DLLA46) 
films from Grijpma’s group it can be seen that they have comparable elastic moduli, 2.8 and 3.8 
MPa, and σmax, 0.6 and 1.3 MPa, respectively. This is likely due to the similar 𝑇𝑔 values of 7 and 6 
o
C, respectively. The P(TMC49-co-LLA51) solvent cast films were significantly more ductile 
reaching 1287 % versus 650 % for the P(TMC54-co-DLLA46) compression moulded films. The 
difference in ductility may be due to the different films thicknesses, 205 versus 500 µm.
23,43,54,56
 
The thinner films did, however, not display an enhanced E or σmax, as normally predictedwith 
sample thickness effects.
23,43,54,56
 However, this was likely counteracted by the significantly 
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different ?̅?n for the films, whereby the mechanical properties of the 31 kg/mol P(TMC49-co-LLA51) 
films are predicted to be reduced as compared to the 110 kg/mol P(TMC54-co-DLLA46) films.
23
  
 
The effect of the film processing method is also seen with the P(TMC21-co-LLA79) copolymer films 
from this project compared to the P(TMC20-co-DLLA80) copolymer films from Grijpma’s 
group,
12,16,17
 Table 4.7. The solvent cast P(TMC21-co-LLA79) films from this study have a lower 𝑇𝑔 
of 21 
o
C, due to residual solvent, and display low E and σmax values, 42 and 8.2 MPa, respectively, 
but are highly ductile with an 𝜀break value of 365 %. The P(TMC20-co-DLLA80) compression 
moulded films have a higher 𝑇𝑔 of 43 
o
C and consequently display an increased E and σmax, 1900 
and 51 MPa, respectively, but are less ductile reaching only 7 %. These trends are closely mirrored 
in the P(TMC49-co-LLA51) solvent cast films and P(TMC50-co-DLLA50) compression moulded 
films by Grijpma et al.,
12,16,17
 in which the lower 𝑇𝑔 of the solvent cast films (𝑇𝑔 = 7 
o
C) lowered the 
E (2.8 MPa) and σmax (0.6 MPa) but enhanced the ductility (1287 %) of the films as compared to the 
P(TMC50-co-DLLA50) compression moulded films (𝑇𝑔= 17 
o
C, E = 16 MPa, σmax = 10 MPa, εbreak = 
570 %). In addition, the greatly increased mechanical properties achieved by the P(TMC20-co-
DLLA80) and P(TMC50-co-DLLA50) films produced by Grijpma et al.
12,16,17
 may also be due to a ?̅?n 
effect, as these copolymers were synthesised to 285 and 256 kg/mol, respectively, while the 
P(TMC21-co-LLA79) and P(TMC49-co-LLA51) copolymers from this project were significantly 
lower at 59 and 31 kg/mol, respectively. As mentioned in Section 4.1.4, the mechanical properties 
of polymers generally decreases as the ?̅?n is reduced,
23
 and the differences seen here are in 
agreement with this general observation. Furthermore, the difference in film thicknesses of either 
185 or 205 versus 600 µm for the solvent cast films versus the compression moulded copolymer 
films, respectively, appears to have had minimal effect overall, as the thicker films displayed 
increased E and σmax and reduced ductility which appears to be masked by the other effects in these 
systems.
23,43,54,56
 Like-wise, the ωc value of the P(TMC21-co-LLA79) and P(TMC49-co-LLA51) 
solvent cast films of 6.2 and 1.8 %, respectively, appears to have had minimal effect overall, as the 
amorphous P(TMC-co-DLLA) films displayed increased E and σmax and a reduced ductility which 
again appears to be masked by the other factors in these systems.
20,23,41,54
 In general, the P(TMC-co-
LLA) materials within this study present mechanical properties approaching the range of what is 
desired for vascular grafts, with E between 2.8 – 271 MPa, σmax between 0.6 – 25.5 MPa and εbreak 
between 356 – 1287 %, and thus present as an attractive base material for vascular tissue 
engineering applications. 
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4.2.6 Degradation of Solvent Cast Films 
In order to explore the degradation profiles of the P(TMC-co-LLA) materials, the degradation 
behaviour of the solvent cast copolymer films, with compositions between 21 – 49 mol% TMC 
incorporation were monitored over a 34 week time period in PBS at 37 ˚C. During this study the 
water uptake and mass loss of the films and pH of the degradation media were measured at 
appropriate time intervals. In addition, throughout the degradation study, the polymer ?̅?n was 
monitored using GPC, the thermal properties using DSC and the material composition was 
examined using 
1
H NMR. 
 
4.2.6.1   Air Degradation of P(TMC-co-LLA) Copolymer Films 
As described in Section 4.2.4.2, the ?̅?n of the copolymers were not affected by the solvent 
casting process (Appendix(A) I and II). However, the films used for the degradation study had been 
stored at ambient conditions for up to 6.5 months, and due to these polymers being hydrolytically 
unstable
24,28
 the ?̅?n of the films were re-evaluated using GPC prior to use. As can be seen in the 
GPC traces in Figure 4.19, all stored films had a reduced ?̅?n when compared to the initial ?̅?n 
obtained for the bulk copolymer which had been stored under vacuum. The decrease in ?̅?n 
observed, when these films were stored at ambient conditions, is attributed to the natural hydrolysis 
and chain scission that is known to occur in polyester carbonate materials when they are not stored 
under inert gases such as N2 or in air/moisture tight desiccators.
24
 More specifically, the films (with 
the exception of the last casting D) generally display ?̅?n of about half of the bulk copolymers when 
the composition contains 30 mol% TMC or lower. However, the films with 39 and 49 mol% TMC 
incorporation do not show any significant change in ?̅?n between the bulk and subsequent film 
castings (with the exception of the last casting D). This trend indicates that the copolymers with 
higher LLA content are more susceptible to degradation when stored in air. 
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Figure 4.19. GPC traces showing changes in ?̅?n (with units of g/mol) between the original bulk 
P(TMC-co-LLA) materials and subsequent film castings (A through D) after being stored in air. 
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  4.2.6.2   Water Uptake, Mass Loss and pH Profiles  
The samples used in the degradation study were predominantly cut from film casting D for 
all copolymer compositions. However, there were a number of samples cut from cast C that were 
also included (Section 4.2.6.1). The ?̅?n and ÐM of these films are shown in Table 4.8, along with 
those of the original bulk copolymer. This allows a comparison to be made between the samples cut 
from these two films and an evaluation of how ?̅?n affects degradation. 
 
Table 4.8. Summary of GPC results for a comparison in ?̅?n and ÐM between the bulk copolymer  
and cast C and cast D films stored in air.  
Copolymer Name Bulk Copolymer    Cast C Film Cast D Film 
 ?̅?n  
(kg/mol) 
ÐM  ?̅?n 
(kg/mol) 
ÐM ?̅?n 
(kg/mol) 
ÐM 
P(TMC16-co-LLA84) 63 1.9 30 2.0 21 1.9 
P(TMC21-co-LLA79) 59 1.8 36 2.0 16 2.1 
P(TMC27-co-LLA73) 49 1.7 25 1.9 21 1.9 
P(TMC30-co-LLA70) 42 1.9 34 1.8 11 2.4 
P(TMC39-co-LLA61) 33 1.9 27 1.8 13 2.0 
P(TMC49-co-LLA51) 31 1.8 - - 18 1.8 
 
The degradation behaviour of the synthesised copolymer films was investigated over a 34 week 
period. Despite the films having different chemical compositions, the water uptake profiles of all 
P(TMC-co-LLA) materials studied, showed very similar behaviour with low water uptake of up to 
10 % during the initial weeks, (i.e. until day 64), Figure 4.20. This indicates that water diffusion 
into films is limited in the initial stages of the study. This trend has also been seen previously during 
in vitro degradation of polyester carbonates, such that P(TMC13-co-LLA87) and P(TMC17-co-
LLA83) copolymers synthesised by Truong et al.,
69
 P(TMC16-co-LLA84), P(TMC22-co-LLA78) and 
P(TMC25-co-LLA75) copolymers by Han et al.
34
 and P(TMC15-co-LLA85) and P(TMC50-co-LLA50) 
copolymers synthesised by Li et al.
35
 all attained up to 5 wt% water uptake at week 9, week 35 and 
week 6, respectively. Similarly, the P(TMC9-co-LLA91), P(TMC29-co-LLA71) and P(TMC50-co-
LLA50) copolymers by Hua et al.
10
 all attained 2 wt% water uptake up to 16 weeks of in vitro 
degradation. Furthermore, low water uptake has also been observed for similar polyester carbonate 
copolymer systems, P(TMC-co-DLLA), whereby the initial water uptake was found to be less than 
5 wt%.
16,17,27
 This result is likely due to two competing physical properties of each homopolymer 
that are known to affect the degradation behaviour; the extent of hydrophobicity
12,24,25,36,43,45
 and 
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inherent ωc.
12,16,24,25,50
 The copolymers with low TMC content have been shown to possess the 
highest ωc values (Table 4.3, Section 4.2.4.2). High degrees of crystallinity are known to limit the 
uptake of water into polymers due to the increased density of the crystalline regions as compared to 
the more assessable amorphous regions.
12,16,25
 Thus, the films with low PTMC incorporation are 
likely limited in their ability to uptake water through crystallinity effects. This theory is strongly 
supported by experimental data presented by Hua et al.
10
 whereby amorphous P(TMC49-co-LLA51) 
and semicrystalline P(TMC50-co-LLA50) copolymers of comparable ?̅?n , 20 and 18 kg/mol, 
respectively, displayed statistically different water uptake values of 11 % compared to 2 %, 
respectively, after 12 weeks of in vitro degradation time, demonstrating that the ωc strongly affects 
the water uptake profile of P(TMC-co-LLA) copolymers.
10
 Conversely, the films with high TMC 
content are more hydrophobic than those with less TMC. The advancing water contact angle of 
PTMC is reported to be 77° 
70
 while PLLA is less hydrophobic at 61°.
71
 Although both polymers 
are classed as being hydrophobic, the copolymer films with high TMC content are more 
hydrophobic in nature, and thus a decreased ability to uptake water is predicted.
25
  
 
 
Figure 4.20. Graphical representation of the water uptake measured for P(TMC-co-LLA) solvent 
cast films (cast C & D) with varying molar compositions. Error bars are standard error of the mean.  
 
The first indication of significant variability in water uptake between the different compositions, 
appears at day 79, where the water uptake of the two copolymers with the highest TMC content, 
P(TMC39-co-LLA61) and P(TMC49-co-LLA51), become significantly higher than the other 
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copolymers. This difference is further exaggerated with the progress of degradation, and these two 
compositions reached water uptake values of over 200 % in the late stages of the study. 
Furthermore, the two copolymers with compositions of P(TMC30-co-LLA70) and P(TMC27-co-
LLA73) also demonstrate an increased ability to uptake water from day 113 and 142, respectively. 
Despite these two polymers being very similar in composition (only 3 mol% TMC difference), the 
P(TMC30-co-LLA70) films display a significantly greater ability to uptake water, reaching maximum 
values near 100 %, compared to only 20 % for the P(TMC27-co-LLA73) films. Furthermore, in the 
late stages of the study the P(TMC27-co-LLA73) films display similar water uptake values to those 
films of very low PTMC content, i.e. P(TMC21-co-LLA79) and P(TMC16-co-LLA84). Lastly, the 
copolymers with the lowest PTMC incorporation, P(TMC21-co-LLA79) and P(TMC16-co-LLA84), 
had minimal water uptake over the full time scale of the study, reaching a maximum water uptake 
of approximately 11%. Hence, the water uptake data of the films clearly shows distinctly different 
trends for the various copolymer compositions. Furthermore, the ability of these materials to uptake 
water appears to be correlated to the amount of TMC within the material, such that higher mol% 
TMC films demonstrate an increased ability to uptake water and possess the largest degree of 
swelling. This trend has been seen previously, such that P(TMC50-co-LLA50) copolymers achieved 
22 wt% water uptake, as compared only 5 wt% for the lower TMC content copolymers, P(TMC9-
co-LLA91) and P(TMC29-co-LLA71), by week 32 of in vitro degradation.
10
 However, in a study by 
Han et al.
34
 that investigated polyester carbonates within a narrower composition range, 16 to 25 
mol% TMC, it was found that the lower TMC content copolymers, P(TMC16-co-LLA84) and 
P(TMC22-co-LLA78), reached the highest water uptake of 15 wt% at 50 weeks, while the P(TMC25-
co-LLA75) copolymer had only reached 7 wt% water uptake. These results demonstrate that the 
highest TMC content copolymers exhibit the lowest water uptake during degradation.
34
 The 
discrepancy in the trends seen in the water uptake across the various in vitro degradation studies on 
P(TMC-co-LLA) copolymers, suggests that there must exist other factors underlying the hydration 
profiles of these materials, in addition to the composition alone.    
 
The reason P(TMC-co-LLA) copolymers with high TMC incorporation display an increased 
capacity to absorb water is possibly linked with their inherently low ωc values. Although high TMC 
content P(TMC-co-LLA) copolymers initially possess enhanced hydrophobicity, it is reported that 
PTMC becomes more hydrophilic during degradation as chain scission produces a higher 
concentration of hydroxyl end groups which lowers the water contact angle.
70
 The advancing 
contact angle of PTMC with a ?̅?n of 69 kg/mol and has been reported to decrease from 77° to 53° 
after conditioning in water for one week.
70
 Thus, the hydrophobic nature of PTMC is not likely to 
be a limiting factor in water uptake by these P(TMC-co-LLA) copolymer films from day 79 of the 
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degradation study, as the hydrophobicity lowers as a function of degradation time as chain scission 
takes place and produces hydroxyl end groups.
70
 In contrast, high LLA content P(TMC-co-LLA) 
copolymers possess the highest ωc content, (Table 4.3, Section 4.2.4.2), and are hindered to reach 
the same hydration levels as crystalline domains are poorly accessible to water.
12,16,72
 As mentioned 
in Section 4.1.3, this effect was seen in semicrystalline PLLA samples, ?̅?n = 130 kg/mol and ÐM = 
1.8, which demonstrated a reduced water uptake at week 31 of 7 % compared to 40 % for 
amorphous PLLA samples.
47
 This difference was further exaggerated at longer degradation times 
where the amorphous samples achieved 105 % water uptake, while the semicrystalline samples 
reached only 28 %.
47
  
 
It should be noted that the graph in Figure 4.20 displays the water uptake of the films which is 
distinctly different to the water content. As the films begin to lose mass during degradation their 
water uptake values will underestimate the amount of water adsorbed by the sample. Consequently, 
some of the copolymer compositions show a decrease or levelling off for water uptake at the later 
time points which is not necessarily representative of the actual amount of water absorbed. The 
amount of absorbed water (i.e. water content) during degradation was evaluated for a sub-set of 
time-points for which the dry weight of the film was determined. The water content data is 
displayed in Figure 4.21. The water content was found to be higher for all copolymer compositions, 
as compared to the water uptake values, with the P(TMC49-co-LLA51) and P(TMC39-co-LLA61) 
films reaching approximately 500 % water content, the P(TMC30-co-LLA70) film reaching 
approximately 230 % and the remaining copolymers with lower PTMC content reaching around 50 
% water content, Figure 4.21. 
 
The dried mass was measured to obtain mass loss profiles (Figure 4.22). It can be seen that the 
copolymers appear to have minimal mass loss of < 8 % up until day 99. Low mass losses are 
commonly seen during the initial weeks of in vitro degradation of P(TMC-co-LLA) copolymers.
10,34
   
After day 99 the copolymers from this study demonstrate increasing degrees of mass loss with all 
copolymer compositions displaying similar mass loss profiles. Despite the films with low TMC 
content having limited ability to uptake water, these films had mass losses that are comparable to 
the highly swollen high TMC content copolymers. For example, at day 230 the P(TMC49-co-LLA51) 
copolymer had a water content of approximately 500 % of its original weight, while in comparison 
the P(TMC21-co-LLA79)  copolymer had a much lower water content of 50 %. Yet, despite the large 
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Figure 4.21. Graphical representation of the water content measured for P(TMC-co-LLA) solvent 
cast films (cast C & D) with varying molar compositions. Error bars are standard error of the mean.   
 
variation in the ability of these films to absorb water, both copolymer compositions displayed 
similar extents of mass loss being 49 % and 30 %, respectively. Therefore, a ten-fold difference in 
water content saw less than a two-fold difference in the total mass loss of the P(TMC49-co-LLA51) 
films as compared to the P(TMC21-co-LLA79) films. Similar trends have been found previously 
during PTMC degradation, whereby raising the degradation temperature from 37 to 60 
o
C saw an 
increase in the water content, however, this difference in water content was found to have no effect 
on the rate of polymer chain cleavage or on the extent of mass lost by these samples.
25
 Despite the 
copolymers within this study displaying similar mass loss profiles within error, Figure 4.22, it does 
appear that there is a general trend, within the narrow mass loss range, of the low TMC content 
copolymers showing the lowest mass loss, while the highest TMC content copolymers display the 
highest mass loss. This trend has been seen previously, in 17 kg/mol P(TMC13-co-LLA87) and 12 
kg/mol P(TMC17-co-LLA83) copolymers synthesised by Truong et al.
69
 where weight loss increased 
with increasing TMC content to approximately 15 and 43 %, respectively, by day 60. Specifically, 
the mass loss profiles in this study generally demonstrate that the copolymers containing higher 
amounts of TMC, specifically P(TMC39-co-LLA61) and P(TMC49-co-LLA51), have an increased 
extent of degradation. This suggests that higher water uptake does lead to increased degradation 
rates, however, the two properties do not directly correlate. Similarly, in a study by Han et al.
34
 the 
P(TMC-co-LLA) copolymers that displayed the highest water uptake also displayed the highest 
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mass losses, however, these were the copolymers with the lowest TMC incorporation.
34
 In another 
study by Hua et al.
10
 a faster water uptake was also observed for the copolymers with the highest 
TMC content, however, the moderate TMC copolymer, P(TMC29-co-LLA71), displayed the highest 
mass loss of 28 %, followed by the P(TMC50-co-LLA50) copolymer with 11 % and then the 
P(TMC9-co-LLA91) copolymer with 3 % mass loss, at week 32 of in vitro degradation.
10
 These 
results demonstrate that the highest TMC content copolymers exhibit the highest water uptake 
during degradation but the mass loss is not directly correlated to the water uptake as the P(TMC29-
co-LLA71) copolymer had the highest mass loss of 28 % although only achieving 5 wt% water 
uptake, while the P(TMC50-co-LLA50) copolymers had 11 % mass loss despite its higher water 
uptake of 22 wt%.
10
 Based on these comparisons it appears that high TMC content in these systems 
does not necessarily increase the degradation rate, and thus, there must be other factors to consider 
which affects the hydrolysis rates of P(TMC-co-LLA) copolymers of varying compositions.   
  
 
Figure 4.22. Graphical representation of the mass loss measured for P(TMC-co-LLA) solvent cast 
films (cast C and D) with varying molar compositions. Error bars are standard error of the mean. n 
= 1 for data points displayed without an error bar. 
 
The pH of the PBS media was measured between each solution change for all material 
compositions studied, Figure 4.23, with the largest changes in pH seen between days 99 – 230. The 
increase in acidity of the degradation media is related to the hydrolytic chain scission of the 
polymeric chains within the films. Increased chain scission produces lactic acid from the LLA units 
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and carbonic acid from the PTMC units within these copolymers, and thus lowers the pH of the 
degradation media, Section 4.1.2.1.
32,36,38
 The pH changes correlate well with the water content and 
mass loss data, Figures 4.19 and 4.20, in that the degradation media becomes more acidic during the 
time of significant water adsorption and the onset and progression of polymer mass loss.   
 
 
Figure 4.23. Graphical representation of pH changes (pH(obs) – 7.4) of PBS media during the 
degradation study for various P(TMC-co-LLA) copolymers. 
 
Based on the water content, mass loss and pH changes seen for the P(TMC-co-LLA) films, it is 
evident that different compositions of LLA and TMC result in different degradation profiles, 
especially in terms of the extent of water uptake. Since both homopolymers differ greatly in their 
properties, Section 2.3, the properties of samples made from their copolymerisation are predicted to 
be strongly affected by the composition,
40
 and thus, offers a powerful means to control the 
degradation profile of P(TMC-co-LLA) copolymers. 
 
Comparable to this study, Han et al.
34
 synthesised P(TMC16-co-LLA84), P(TMC22-co-LLA78) and 
P(TMC25-co-LLA75) copolymers with ?̅?n between 51 – 78 kg/mol and film thicknesses of 200 µm. 
During in vitro degradation studies, minimal mass losses of less than 4 wt% were detected from 
these samples up to week 40, after which, mass loss slightly increased and reached between 5 – 9 
wt% at 50 weeks. Similarly, the compositionally similar P(TMC16-co-LLA84), P(TMC21-co-LLA79) 
and P(TMC27-co-LLA73) copolymers from this study showed minimal mass loss (< 7 %) up to week 
14, after which mass loss increased and reached much higher values of between 21 – 28 wt% within 
a shorter time frame of 24 weeks. The accelerated degradation rate of the copolymers within this 
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study is likely linked with the lower 𝑇𝑔 of the solvent cast films, 𝑇𝑔 = 13 – 21 
o
C, as compared to the 
films by Han et al., 𝑇𝑔 = 42 – 48 
o
C. This difference means that the films from this study are being 
degraded in their rubbery state at a temperature above their 𝑇𝑔, which is known to facilitate 
degradation,
16,47
 while the other films are in their glassy state within media at a temperature below 
their 𝑇𝑔. Furthermore, the films by Han et al. retain their high 𝑇𝑔 values and still exhibit 𝑇𝑔 between 
41 – 43 oC even after 50 weeks of degradation, which is consistent with the low final mass losses of 
5 – 9 wt% seen at 50 weeks for these samples.  
 
Grijpma et al.
23,24
 synthesised high ?̅?n, 300 – 500 kg/mol, P(TMC10-co-LLA90) copolymers which 
were subsequently machined into bars (thickness = 4 mm) and degraded in vitro. No mass loss was 
detected from these samples up to week 20, after which, mass loss started and reached 40 % at 90 
weeks degradation time
23,24
 In comparison, the compositionally similar P(TMC16-co-LLA84) 
copolymers from this study showed minimal mass loss (< 6 %) up to week 14, after which mass 
loss increased and reached 37 % at week 34 when the study was concluded. The variation in the 
mass loss data between the two studies is likely due to the difference in thickness (4000 versus 192 
µm) and starting ?̅?n (300 – 500 versus 21 kg/mol) of the samples, respectively. Samples with 
higher initial ?̅?n are known to demonstrate a longer induction period.
17,30
 Furthermore, sample 
thickness can also impact the mass loss profile of polymers
25
 which may be a contributing factor as 
to why the P(TMC10-co-LLA90) copolymer by Grijpma et al.
23,24
 and P(TMC16-co-LLA84) 
copolymers from this study display different mass loss profiles. 
 
P(TMC29-co-LLA71) and P(TMC50-co-LLA50) copolymers, ?̅?n = 18 – 21 kg/mol and 1000 µm in 
thickness, were degraded in vitro in a study by Hua et al.
10
 Minimal mass losses (< 3 wt%) were 
detected up to week 16, after which, mass loss increased and reached 28 wt% for P(TMC29-co-
LLA71) films and 11 wt% for P(TMC50-co-LLA50) films at 31 weeks. The compositionally similar 
P(TMC30-co-LLA70) and P(TMC49-co-LLA51) copolymers from this study showed minimal mass 
loss (< 8 %) up to week 14, after which mass loss increased and reached much higher values of 42 – 
49 wt% within 33 weeks. The slower degradation of the films by Hua et al. is likely due to the 
higher ωc values of 11.5 – 20.1 % within these films, as compared to the films within this study 
with lower inherent ωc values of 1.8 – 2.5 %. Furthermore, as degradation proceeds the ωc of the 
films from this study only slightly changes, ωc = 0.9 – 5.6 %, while the already crystalline films by 
Hua et al. become more crystalline as degradation proceeds, ωc = 20.3 – 41.3 % at week 31, which 
further limits degradation. 
 
Truong et al.
69
 synthesised a 12 kg/mol P(TMC17-co-LLA83) copolymer which was compression 
moulded into wafers (thickness = 600 µm) and subsequently degraded in vitro. At day 60 the 
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copolymer showed low water uptake of < 5 %, however, the mass loss had reached 43 %.
69
 In 
comparison, the compositionally similar 21 kg/mol P(TMC16-co-LLA84) copolymers from this 
study showed a higher water absorption of 15.3 % at day 34, however, minimal mass loss (< 6 %) 
was detected between day 34 and day 99. Moreover, at day 230 of this in vitro degradation study 
the mass loss of the P(TMC16-co-LLA84) copolymers had reached 36.5 %, which is approaching 
that of the P(TMC17-co-LLA83) copolymers which had already reached 43 % at day 60. These 
materials have comparable thermal properties, and thus, the variation in the mass loss data between 
the two studies is likely due to the difference in initial ?̅?n. Furthermore, the thicker P(TMC17-co-
LLA83) wafters may have experienced enhanced autocatalysed bulk degradation over the thinner 
P(TMC16-co-LLA84) films, however, as no GPC was reported as a function of degradation by 
Truong et al.
69
 this theory cannot be supported.   
 
P(TMC15-co-LLA85) and P(TMC50-co-LLA50) copolymers were cast into 200 µm thick films and 
degraded in vitro by Li et al.
35
 The films had ?̅?n values of 96 and 89 kg/mol, respectively, and 
showed minimal mass losses of less than 5 wt% up to week 6, after which, mass loss increased and 
reached 6 and 9 wt% for P(TMC15-co-LLA85) films and 7 and 18 wt% for P(TMC50-co-LLA50) 
films at weeks 20 and 31, respectively. The compositionally similar P(TMC16-co-LLA84) and 
P(TMC49-co-LLA51) copolymers from this study showed minimal mass loss (< 6 %) up to week 14, 
after which mass loss increased reaching 13 and 36.5 wt% for P(TMC16-co-LLA84) films and 42 
and 49 wt% for P(TMC50-co-LLA50) films at weeks 18 and 33, respectively. The slower 
degradation of the films by Li et al. is likely due to the higher ?̅?n values of 89 – 96 kg/mol, as 
compared to the films within this study with lower ?̅?n values of 18 – 21 kg/mol. 
 
The research group headed by Grijpma
12,16,17
 published degradation data on polyester carbonate 
copolymers containing TMC copolymerised with DLLA. These P(TMC-co-DLLA) copolymers 
were melt-pressed into 600 µm thick films and degraded in vitro.
12,16,17
 The P(TMC20-co-DLLA80) 
films were found to have minimal water uptake and mass loss up to week 21, while the P(TMC21-
co-LLA79) films from this study had minimal water uptake and mass loss for a shorter period, until 
weeks 9 and 14, respectively. The difference in induction period and mass loss onset is likely due to 
the P(TMC20-co-DLLA80) films having a significantly higher starting ?̅?n of 285 kg/mol as 
compared to 16 kg/mol for the P(TMC21-co-LLA79) films in this study.
17,30
 The P(TMC50-co-
DLLA50) films by Grijpma et al.
12,16,17
 and the P(TMC49-co-LLA51) films from this study were 
found to have the same induction period, displaying minimal water uptake up to week 9 of the 
degradation study. However, the onset of mass loss was found to be slightly longer for the 
P(TMC49-co-LLA51) films from this study starting after week 14 as opposed to week 9 for the 
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P(TMC50-co-DLLA50) films by Grijpma et al.
12,16,17
  Furthermore, the onset of water uptake and 
mass loss in the P(TMC-co-DLLA) copolymers by Grijpma et al.
12,16,17
 was compositionally 
dependent, with the P(TMC20-co-DLLA80) and  P(TMC50-co-DLLA50) copolymers displaying 
limited water uptake and mass loss up to week 21 and 9 of the degradation study, respectively. 
Conversely, the P(TMC21-co-LLA79) and P(TMC49-co-LLA51) copolymers from this study 
demonstrated very similar water uptake and mass loss trends, starting at weeks 9 and 14, 
respectively, despite their different compositions.  
 
Previous studies investigating the degradation of polyester carbonates have monitored the ?̅?n as a 
function of degradation time and determined the kinetic rate constants, Equations 4.4 and 4.5.
12,16-
19,73,74
 
𝑙𝑛(?̅?𝑛) = 𝑙𝑛(?̅?𝑛
𝑜) − 𝑘1𝑡                                                 [Equation 4.4] 
1
?̅?𝑛
=
1
?̅?𝑛
𝑜 + 𝑘2𝑡                                                          [Equation 4.5] 
Where; ?̅?𝑛 is the number average molecular-weight at a time point t 
  ?̅?𝑛
𝑜 is the initial number average molecular-weight at t = 0 
𝑘1 & 𝑘2 are the autocatalyzed and uncatalyzed kinetic rate constants  
 
The ?̅?n of the polymers from this study were investigated via GPC analysis at six time points 
during the degradation study (Table 4.9). Applying the data from this study to these models gave 
similar fits, Appendix(A) V and VI, and thus, did not assist with determining the degradation 
mechanisms. Therefore, additional analyses by DSC and
 
NMR were completed to obtain greater 
insight into the degradation mechanism of the various copolymers and infer the mechanism of 
degradation.  
 
4.2.6.3   GPC, DSC and 
1
H NMR Analysis of Degrading Films 
DSC and NMR were performed on each of the degraded films (at day 34 and day 169 or 
230). A summary of the data obtained from these characterisation techniques is found in Table 4.9 
for cast D samples only. These characterisations were also repeated on samples cut from cast C 
wherever possible and are presented in Tables 4.10 and 4.11 which allowed for a comparison to be 
made between the samples cut from these two films and evaluate if they display comparable trends 
during degradation. The water content, mass loss and ?̅?n values are also included for selected time 
points in Table 4.9. The water content and mass loss data is compiled from both cast C and cast D 
samples as there were no statistical differences found.   
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Table 4.9. Water content and mass loss (cast C and D); GPC, DSC and NMR (cast D only) results 
(± standard error of the mean) for the P(TMC-co-LLA) copolymer films. 
 
 
     
    GPC DSC NMR 
Film  
(mol% TMC) 
Time    
(Days) 
Water 
Content  
(%) 
Mass 
Loss  
(%) 
?̅?n 
(kg/mol) 
ÐM Tg 
(˚C) 
Tm 
(˚C) 
ωc 
(%) 
mol% 
TMC 
?̅?LLA 
16 0 0 0 21 1.9      
 34 15.3  (1.1) 5.6  (1.0) 22 1.9 34.5 103-159 20 18 12 
 99 - 5.7  (0.2) 11 2.3      
 128 25.0  (0.6) 13.3  (0.4) 5 3.5      
 169 47.0  (1.0) 28.3  (0.9) 4 3.3      
 230 62.5 (1.0) 36.5  (0.5) 3 3.2 26 103-139 21 13 15 
21 0 0 0 16 2.1      
 34 11.6  (1.0) 6.5  (0.3) 18 2.1 37 119-164 8.2 22 8 
 99 16.8  (3.6) 4.6  (1.2) 8 2.9      
 128 25.9  (1.0) 13.3  (0.4) 6 3.0      
 169 32.1  (1.6) 20.5  (0.2) 4 2.8      
 230 50.2  (1.0) 30.3  (1.0) 3 2.9 28 103-152 8.2 21 9 
27 0 0 0 21 1.9      
 34 8.1  (1.9) 6.7  (1.7) 22 1.9 34 106-157 6.7 26 7 
 99 21.4  (2.2) 7.1  (0.9) 6 2.8      
 128 35.1  (1.9) 16.4  (1.0) 5 2.8      
 169 46.6  (5.1) 25.4  (2.5) 4 2.9 27 103-148 9.1 25 8 
30 0 0 0 11 2.4      
 34 6.7  (0.4) 5.6  (0.1) 17 1.9 29 121-155 2.9 31 5 
 99 22.3  (1.7) 7.6  (1.6) 7 2.6      
 128 53.7  (4.7) 15.6  (0.4) 4 2.8      
 169 120.7  (7.6) 25.0  (0.7) 3 2.7      
 230 241.5  (16.8) 42.2  (2.0) 3 2.4 20 103-143 5.6 31 6 
39 0 0 0 13 2.0      
 34 6.3  (0.6) 4.8  (0.1) 16 1.8 23.5 125-155 3.1 39 4 
 99 89.0  (6.7) 5.0 5 2.5      
 128 237.9  (19.1) 29.3  (1.2) 3 2.8      
 169 341.8  (14.7) 32.0  (3.2) 3 2.4      
 230 401.8  (48.8) 38.3  (3.6) 3 2.2 13 103-139 3.5 40 4 
49 0 0 0 18 1.8      
 34 6.4  (1.1) 3.3  (0.1) 17 1.8 17 130-156 1.5 49 3 
 99 53.3  (7.3) 3.5  (0.2) 8 1.6      
 128 235.3  (61.1) 42.1 3 2.2      
 169 367.2  (13.2) 38.2 (12.4) 4 2.1      
 230 560.9  (11.2) 48.7  (7.7) 3 2.0 10 116-137 0.9 51 3 
           
All DSC values (𝑇𝑔, Tm & ωc) were obtained from the 2
nd
 heating cycle of the DSC thermogram; (-) 
= Not Determined. 
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As mentioned in Section 4.1.3, there are a number of physical properties that are known to affect 
the degradation behaviour of polymers, which include the starting ?̅?n,
17,25,30,36
 extent of 
hydrophobicity,
12,24,25,36,43,45
 𝑇𝑔 and ωc.
12,16,24,25,50
 When the 𝑇𝑔 is lower than the temperature of the 
submersing media (37 
o
C) the materials will be in their rubbery state and become fully relaxed, and 
thus, water uptake will be facilitated.
16,36
 It can be seen from Table 4.9, that all P(TMC-co-LLA) 
copolymers have low 𝑇𝑔 values below 37 ºC, with the exception of the P(TMC16-co-LLA84) 
copolymers which has a 𝑇𝑔 equal to 37 ºC. Furthermore, P(TMC16-co-LLA84) has the greatest ωc 
content of 20 %, followed by the P(TMC21-co-LLA79) and P(TMC27-co-LLA73) films with 8.2 and 
6.7 %, respectively, while all remaining films have ωc values of < 3.1 %. The 𝑇𝑔 of films after 34 
days in PBS are significantly higher than when initially cast into films, Tables 4.3 & 4.9. This result 
suggests that the casting solvent may have leached out which has increased the 𝑇𝑔. The 𝑇𝑔 of the 
soaked films are still slightly lower than when in bulk form, which is likely due to the plasticising 
effect of PBS. However, the plasticization effect of the solvent appears to affect these P(TMC-co-
LLA) materials to a greater extent than PBS. This theory supports the improved mechanical 
properties of the wet samples versus dry samples, as discussed in Section 4.2.4.3.3. Furthermore, 
soaking in PBS for 34 days seems to be more efficient at removing solvent than when the films 
undergo two DSC cycles with heating up to 190 
o
C in sealed DSC pans, Tables 4.3 and 4.9. 
 
At day 34, a mass loss of between 3.3 – 6.7 % was seen across all copolymer compositions, without 
significant decrease in ?̅?n, Table 4.9. In fact, the P(TMC30-co-LLA70) and P(TMC39-co-LLA61) 
copolymers actually show an increase in ?̅?n between the commencement of the study (i.e. day 0) 
and day 34, from 11 to 17 kg/mol and 13 to 16 kg/mol, respectively, and a decreased ÐM from 2.4 
to 1.9 and 2.0 to 1.8, respectively. When a mass loss is detected in samples before substantial ?̅?n 
reduction it is generally explained by the leaching effect, whereby diffusion of water-soluble 
oligomeric residue from the polymerization and/or the low ?̅?n fractions within the polymer network 
dissolve into the media.
25
 This data is further supported by DSC analysis, where the 𝑇𝑔 increased 
after soaking in PBS, as compared to dry solvent cast films, Tables 4.3 and 4.9. This effect has also 
been seen for PTMC at longer degradation periods, where a 9 wt% mass loss was detected at week 
30, while its ?̅?n decreased only minimally from 14 to 13 kg/mol. Given the small change in ?̅?n of 
PTMC, it was concluded that the observed mass loss must be attributed to slow diffusional loss of 
oligomers from the polymer bulk rather than to significant hydrolytic chain scission.
38
 With the 
progress of degradation, there is no significant change in the mass loss from samples, with minimal 
mass loss seen until day 99, of between 3.5 – 7.6 %, while the ?̅?n has significantly decreased by 36 
– 71 % across all P(TMC-co-LLA) compositions studied. As no significant mass loss is seen 
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although significant chain cleavage has occurred, this is indicative of chain cleavage resulting in 
insoluble fractions of degraded polymeric material, which is still of relatively high ?̅?n, as has been 
seen previously for P(TMC-co-CL) samples.
25
 This has also been seen in other systems whereby 
P(TMC-co-LLA) copolymers of various compositions displayed less than 10 wt% mass loss at 50 
weeks of in vitro degradation, however, a nearly constant ?̅?n decrease is observed for all materials 
over the same period.
34
 In another study, very low mass losses of 2 wt% were found at 11 weeks of 
in vitro degradation for various copolymer compositions, however, the ?̅?n has decreased with the 
P(TMC50-co-LLA50) and P(TMC29-co-LLA71) copolymers being reduced to 67 and 62 % of original 
?̅?n, respectively, and the P(TMC9-co-LLA91) copolymer being reduced to 94 % of original ?̅?n.
10
  
Like-wise, after 21 weeks the mass losses were still low with 7 % for the P(TMC50-co-LLA50) 
copolymer and 2 % for the other compositions, however, the ?̅?n has decreased with the P(TMC50-
co-LLA50) and P(TMC29-co-LLA71) copolymers having reduced to 44 and 33 % of original ?̅?n, 
respectively, and the P(TMC9-co-LLA91) copolymer being reduced to 90 % of original ?̅?n.
10
 Again, 
after 31 weeks the mass losses were between 3 and 28 % for all P(TMC-co-LLA) copolymers, 
while the ?̅?n had decreased to only 26 – 39 % of original ?̅?n for all copolymers.
10
 
 
DSC analysis of the films was completed near the start of the study at day 34, and again towards the 
end of the study at day 230 for all compositions, with the exception of the P(TMC27-co-LLA73) 
films which were measured at day 169 instead of day 230, Table 4.9. The 𝑇𝑔 consistently decreased 
as a function of degradation time for all films investigated. As water diffuses into the polymer 
network and chain scission occurs, the short chains and the water act as plasticizers, thus lowering 
the 𝑇𝑔.
36,47
 Furthermore, in the late stages of degradation, once substantial chain cleavage has taken 
place, the decrease in ?̅?n also contributes to a lowered 𝑇𝑔. This was seen in P(TMC-co-DLLA) 
samples during an in vivo degradation study which found the 𝑇𝑔 decreased from 20 to 15 
o
C during 
the 3
rd
 to 12
th
 week of implantation.
19
 No significant change in composition had occurred during 
that period, and so the decrease was explained by the decrease of the polymer ?̅?n.
19
 Similarly, a 
P(TMC50-co-LLA50) copolymer with a Tg of 31 
o
C initially had a reduced value of 21 
o
C after 31 
weeks of degradation.
10
 This was also mirrored in the other compositions; P(TMC29-co-LLA71) with 
Tg = 41 
o
C when t = 0 was reduced to 39 
o
C after 31 weeks, and P(TMC9-co-LLA91) with Tg = 52 
o
C 
when t = 0 was reduced to 48 
o
C after 31 weeks.
10
 In addition, another study showed a P(TMC15-co-
LLA85) copolymer with Tg = 50 
o
C when t = 0 was reduced to 44 
o
C after 44 weeks of in vitro 
degradation.
35
 Like-wise, a P(TMC25-co-LLA75) copolymer had Tg = 42 
o
C when t = 0 was reduced 
to 41 
o
C after 50 weeks of degradation, a P(TMC22-co-LLA78) copolymer had Tg = 45 
o
C when t = 0 
was reduced to 41 
o
C after 50 weeks of degradation, and the P(TMC16-co-LLA84) copolymer had Tg 
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= 48 
o
C when t = 0 was reduced to 43 
o
C after 50 weeks of degradation.
34
 The melting endotherm 
occurred over a broad temperature range throughout the course of the study for each film 
composition, Table 4.9. This has been seen previously in PLLA samples where the chains within 
the polymer network of varying ?̅?n have formed crystals of different sizes.
47
 When several 
endothermal peaks are present in a DSC scan, the low temperature endotherms can occur from the 
fusion of low ?̅?n crystallites, whereas the higher melting endotherms may be from the fusion of 
crystallites formed on heating.
47
  
 
The crystallinity either remained unchanged or it slightly increased over the degradation time for all 
films except the P(TMC49-co-LLA51) film which shows a small decrease. The P(TMC49-co-LLA51) 
films are predominately amorphous (containing 1.5 % ωc initially) and so small changes in the 
crystalline domains in these films during degradation are likely not accurately detectable through 
DSC analysis. An increase in ωc suggests that the amorphous regions within these copolymer films 
are being preferentially degraded over the crystalline regions, thus leading to increases in the 
crystalline content. As mentioned in Section 4.1.3, the amorphous regions have preferential 
degradation over crystalline domains and thus the ωc value is unchanged with the progress of 
degradation and often increases as a function of degradation time, as was observed previously 
during polyester degradation, P(εCL-co-LLA)30 and PDLLA,49 and in polyester carbonate 
degradation, P(TMC-co-CL),
25
 P(TMC-co-DLLA)
19
 and P(TMC-co-LLA).
10,23,24,34,35,75
 More 
specifically, the in vitro degradation study by Grijpma et al.
23,24
 of P(TMC10-co-LLA90) copolymers 
saw the heat of fusion change from 50 to 80 J/g over 90 weeks of in vitro degradation. Similarly, a 
P(TMC26-co-LLA74) copolymer had ωc increase from originally 0 to 2.7 % throughout 9 weeks of 
in vitro degradation,
75
 as did a P(TMC15-co-LLA85) copolymer which initially had 0.3 % ωc which 
increased to 3.8 % after 44 weeks of in vitro degradation.
35
 In addition, the ωc was relatively 
constant for the P(TMC25-co-LLA75) copolymer, and increased from 0.6 to 9.8 % for the (TMC22-
co-LLA78) copolymer, and from 2.2 to 11.9 % for the P(TMC16-co-LLA84) copolymer, throughout a 
50 week in vitro degradation study.
34
 Like-wise the ωc increased upon degradation from 11.5 to 
20.8 % for the P(TMC50-co-LLA50) copolymer, from 20.1 to 41.3 % for the P(TMC29-co-LLA71) 
copolymer, and from 29.1 to 49.0 % for the P(TMC9-co-LLA91) copolymer throughout a 31 week in 
vitro degradation study.
10
 ωc can also be increased through the formation of new crystalline regions 
within the polymer network. As cleavage of the longest chains occurs, crystallisable segments are 
formed, which, in combination with the effect of annealing, a process that is enhanced in the wet 
state, the chain mobility is increased and facilitates recrystallisation of previously amorphous 
material, thus increasing the ωc content.
25,72
 This was seen in semicrystalline P(TMC11-co-εCL89) 
samples which showed an increase in ωc during an in vivo degradation study where the initial ωc 
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was 36 % at the time of implantation, which increased to 47 % upon retrieval.
19
 The ?̅?n was found 
to decrease over the course of the degradation study, thus, it was concluded that the increase in ωc 
was the result of annealing at body temperature and/or crystallisation of hindered chain segments 
made possible by chain cleavage in the amorphous phase.
19
  
 
It can be seen from Table 4.9 that the onset of the Tm occurs at a significantly lower temperature, 14 
to 21 
o
C lower, between day 34 and day 169 or 230 for all copolymers, except for the P(TMC16-co-
LLA84) copolymer which has no change and the P(TMC27-co-LLA73) copolymer which decreases 
by 3 
o
C. In addition, the end points of the melting endotherms decreased by 9 to 20 
o
C for all 
copolymers. This reduction in the starting point of the Tm between day 34 and day 169 or 230 is 
likely from the preferential degradation of amorphous regions which creates low ?̅?n chains which 
form small crystallites assisted by the low 𝑇𝑔 of the material and annealing from the media. This has 
been seen previously in PLLA samples whereby the fusion of low ?̅?n crystallites result in low 
temperature endotherms.
47
 The lowered end point of all Tm endotherms suggests that media has 
eventually penetrated into the edge of the larger crystalline domains that were initially present and 
chain hydrolysis has started and reduced the size of these crystals.
76
 This is reported to occur in 
semi-crystalline polymers once the majority of amorphous regions have been degraded.
72
 As the ωc 
content remains relatively constant throughout degradation, this is likely occurring in conjunction 
with formation of new crystalline regions via the re-crystallisation of low ?̅?n chains.  
   
The GPC traces given in Figure 4.24 show that ?̅?n decreased with the progress of degradation 
across all compositions studied. The bonds that are susceptible to hydrolysis within the copolymer 
films are cleaved as degradation progresses, and thus, fluctuation in the ÐM values are seen for all 
films as a function of degradation time, Figure 4.24. Furthermore, all copolymers have a drastic 
reduction in ?̅?n at day 99, before any significant water uptake or mass loss has occurred, Table 4.9, 
which suggests that these P(TMC-co-LLA) copolymers are undergoing bulk degradation.
25,27,29
 
More specifically, the films with compositions between 21 and 49 mol% TMC all show monomodal 
GPC traces (Figure 4.24) which suggests that they are undergoing homogeneous bulk 
degradation.
16,29
 NMR analysis of these films, with compositions between P(TMC21-co-LLA79) and 
P(TMC49-co-LLA51), confirmed that the composition and ?̅?LLA within each film remained relatively 
constant throughout degradation, which indicates that the rate of hydrolysis is similar for the LLA 
and TMC units. Similar to the P(TMC-co-LLA) copolymers with between 21 to 49 mol% TMC 
content in this study, a P(TMC26-co-LLA74) copolymer by Kasperczyk et al.
75
 and P(TMC15-co-
LLA84) and P(TMC50-co-LLA50) copolymers by Li et al.
35
 had a constant copolymer composition 
and chain microstructure throughout 9 weeks and 20 weeks of in vitro degradation, respectively.
35,75
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Figure 4.24. GPC traces of P(TMC-co-LLA) copolymer films from cast D at various time points 
during the degradation study. 
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Like-wise, semicrystalline P(TMC50-co-LLA50) and P(TMC9-co-LLA91) copolymers by Hua et al.
10
 
also saw the composition and ?̅?LLA remain constant throughout 31 weeks of in vitro degradation, 
indicating that both components are degrading at equal rates.
10
 In comparison to the semicrystalline 
P(TMC50-co-LLA50) copolymer which showed similar hydrolysis rates for both LLA and TMC 
segments, the degradation of a fully amorphous copolymer of similar composition, P(TMC49-co-
LLA51), showed preferential degradation of the LLA segments, with the composition changing to a 
lower 46 mol% LLA after 31 weeks of in vitro degradation.
10
  
 
Similarly, in another in vitro degradation study by Han et al.
34
 involving P(TMC-co-LLA) 
copolymers with 16 to 25 mol% TMC content and low ωc contents, 0 to 2.2 %, the LLA/TMC ratio 
decreased for all copolymers.
34
 The LLA/TMC ratio decreases during degradation because there is 
preferential degradation of LLA units over TMC units. Furthermore, the higher the LLA content the 
larger the compositional change.
34
 These degradation trends suggest that TMC units are more 
resistant to hydrolysis than PLLA.
34
 The findings from these studies is in agreement with the in 
vitro degradation studies of amorphous P(TMC-co-DLLA) systems which are well documented in 
the literature and consistently display the preferential degradation of the LLA segments over TMC 
segments during in vitro degradation.
16-19
 During the degradation of P(TMC-co-DLLA) 
copolymers, chain scission was found to occur at both the ester and carbonate linkages, however, 
the mol% of TMC increased after the onset of mass loss, as detected by NMR analysis, which 
indicates that chain cleavage is not random but preferentially taking place at the ester linkages 
and/or there are differences in the solubility of the degradation fragments.
16
 In addition, the in vitro 
degradation rate of P(TMC-co-DLLA) copolymers increases with increased ester content,
16,17
 or 
similarly, was decelerated by increasing TMC moieties
40
 Therefore, within the P(TMC-co-DLLA) 
systems it is generally understood that under in vitro degradation conditions, polymeric carbonate 
linkages are much less susceptible to hydrolysis than polymeric ester linkages.
16-19
 Therefore, 
changes to the chain microstructure during P(TMC-co-LLA) degradation appears to not only be 
compositionally based, but also highly dependent on the initial ωc and ?̅?LLA (i.e. initial chain 
microstructure). 
 
For bulk degrading polymers, mass loss occurs at the late stages of degradation, once sufficient 
water uptake and chain cleavage has taken place, at which time the low ?̅?n degraded polymer 
chains leach out into the medium.
19
 For P(TMC-co-DLLA) copolymers, mass loss occurred in vitro 
when the ?̅?n had decreased to a critical value of 20 kg/mol.
16
 This was followed by a rapid decrease 
in remaining mass, accompanied by a decrease in the ÐM from an initial value of 2.3 to 1.4.
16
 The 
P(TMC-co-LLA) copolymers in this study appear to show minimal mass loss of 3.5 – 7.6 % at day 
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99 when the ?̅?n is between 5 – 11 kg/mol, however, the mass loss significantly increases to 13 – 42 
% at day 128 when the ?̅?n is between 3 – 6 kg/mol, Table 4.9. Despite overlap in the ?̅?n range, it 
appears that a critical value of approximately 5 kg/mol is required for these P(TMC-co-LLA) 
copolymers to reach the onset of rapid decreases in mass. Furthermore, the ÐM remained large even 
after extensive degradation and chain scission had taken place, Table 4.9, indicating large variations 
in chain lengths are present.  
 
The P(TMC16-co-LLA84) film shows the development of a bimodal ?̅?n distribution as a function of 
degradation time as seen in the GPC traces in Figure 4.24. This bimodal distribution has been seen 
previously in intrinsically semi-crystalline polymers.
19,49
 When these polymers begin with narrow 
monomodal ?̅?n, such as in this study, the first step in the degradation involves the diffusion of 
water into the polymer network. This then leads to the hydrolytic cleavage of the ester and 
carbonate bonds. Bonds are cleaved forming acidic degradation products and an auto-catalytic 
effect develops within the interior of the sample, due to a pH gradient developing within the bulk 
but not near the surface where the media has a buffering effect. This increases the rate of 
degradation in the centre of the sample, such that the ?̅?n in the interior becomes much lower than 
that at the surface and an increase in the ÐM is seen along with a low ?̅?n shoulder appearing, 
indicative of the different degradation environments.
25,29,30
 In addition, these short interior chains 
are often mobile enough to crystallise and form crystallites that are more resistant to further 
degradation.
29,50
 The development of a bimodal ?̅?n distribution with a shoulder appearing in the 
low ?̅?n region for the P(TMC16-co-LLA84) film suggests that they are undergoing an auto-catalysed 
heterogeneous bulk degradation mechanism.
25,29,30
 Furthermore, NMR analysis of the P(TMC16-co-
LLA84) film showed that the LLA content significantly increased by 5 mol% during degradation, 
(i.e. TMC content decreased from 18 to 13 mol% from day 34 to 230), Table 4.9. In addition, the 
?̅?LLA increased by an average of 3 units from day 34 to day 230. This data suggests that the 
carbonate linkages in the TMC segments are more susceptible to hydrolysis than the ester linkages 
in the LLA segments within the P(TMC16-co-LLA84) film. In comparison, the in vitro degradation 
of a P(TMC29-co-LLA71) copolymer studied by Hua et al.
10
 saw the LLA content increase 
throughout degradation, such that at 21 weeks the copolymer had 74 mol% LLA which increased 
further to 79 mol% at 31 weeks, indicating that the TMC units are degrading faster than the LLA 
units. This copolymer also saw the ?̅?LLA increase from 6 to 12, which is thought to be the result of 
the degradation of primarily short LLA chains in conjunction with the crystallisation of long LLA 
blocks.
10
 Thus, during the degradation of the P(TMC29-co-LLA71) copolymer, the LLA units are 
more resistant to hydrolysis than the TMC segments and preferential TMC degradation is seen.
10
 
These trends mirror what was found for the lowest TMC content copolymer, P(TMC16-co-LLA84), 
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in this study. Like-wise the P(TMC13-co-LLA87) and P(TMC17-co-LLA83) copolymers by Truong et 
al.
69
 displayed preferential degradation of the TMC segments whereby the mol% TMC decreased to 
10 and 14 mol%, respectively, after 9 weeks of in vitro degradation.
69
  
 
The fact that only the P(TMC16-co-LLA84) copolymer of the series studies shows heterogeneous 
bulk degradation is likely due to its high LLA content, which produces carboxylic acid groups upon 
hydrolysis, in conjunction with the low water content. Increased water content assists the acidic 
degradation products (i.e. lactic acid) to diffuse away from sample, and thus, autocatalysis is 
limited. The P(TMC21-co-LLA79) copolymer also had low water content, but did not display 
heterogeneous bulk degradation, and therefore, it appears that these P(TMC-co-LLA) copolymer 
systems require greater than 79 mol% LLA to undergo auto-catalysis. 
 
The bulk degradation mechanism has been seen in other P(TMC-co-LLA) copolymers systems 
published in the literature. For example, Truong et al.
69
 found that the random P(TMC13-co-LLA87) 
and P(TMC17-co-LLA83) copolymers are bulk degrading, with the degradation rate increasing with 
higher TMC content, similar to the results obtained in this study. Li et al.
35
 also concluded that the 
P(TMC15-co-LLA85) and P(TMC50-co-LLA50) copolymers investigated conformed to the bulk 
degradation mechanism. Like-wise, Hua et al.
10
 found that P(TMC-co-LLA) copolymers are bulk 
degrading with internal autocatalysis, and that the TMC and LLA segments had similar hydrolysis 
rates, P(TMC9-co-LLA91) and P(TMC50-co-LLA50), or the TMC was preferentially degraded as was 
the case with the P(TMC29-co-LLA71) copolymer which had 79 mol% LLA at week 31. The in vitro 
degradation of similar polyester carbonates, P(TMC-co-DLLA), are also known to undergo bulk 
degradation, which is autocatalyzed by the generated carboxylic acid end groups, however, 
degradation occurs preferentially at the ester bonds,
16-19
 rather than at equal rates as seen in the 
P(TMC-co-LLA) films from this study or at the carbonate bonds specifically for the P(TMC16-co-
LLA84) films. The different hydrolysis rates of TMC and LLA between this study and those 
involving P(TMC-co-DLLA) copolymers is thought to be highly dependent on the ωc differences 
between these systems, as similar trends of preferential degradation of LLA over TMC segments 
were also seen for low ωc P(TMC-co-LLA) films during in vitro degradation.
34
 
 
In the final stages of degradation the copolymers with the highest mol% TMC display the highest 
water absorption, Figure 4.21 and Table 4.9. This trend agrees well with the decreasing 𝑇𝑔 and ωc 
values found for these copolymers as a function of degradation time, Table 4.9. The P(TMC16-co-
LLA84), P(TMC21-co-LLA79) and (TMC27-co-LLA73) copolymers display a limited ability to absorb 
water, which may be due to their relatively high 𝑇𝑔 and ωc values of 26 – 28 
o
C and 8.2 – 21 %, 
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respectively. The (TMC30-co-LLA70) copolymers display a somewhat increased ability to absorb 
water in comparison, which may be due to their relatively lower 𝑇𝑔 of 20 
o
C and ωc of 5.6 %. Like-
wise, the (TMC39-co-LLA61) and (TMC49-co-LLA51) copolymers display the highest ability to 
absorb water, and also possess the lowest 𝑇𝑔 of 10 to 13 
o
C and ωc of 0.9 – 3.5 %. Thus, the 𝑇𝑔 and 
ωc values of P(TMC-co-LLA) copolymers appear to be important properties which strongly dictate 
the water content profiles during in vitro degradation.  
 
Upon plotting the changes in the ?̅?n of the films during degradation, as gained from GPC analysis, 
it can be seen that despite the compositional differences in the copolymers, all films followed a 
similar trend, Figure 4.25. This result suggests that any losses in ?̅?n, for these P(TMC-co-LLA) 
copolymers, is not compositionally dependent, within the compositions studied. Not surprisingly, 
the ?̅?n drastically decreases for all films between day 34 and 99 and correlates well with the water 
content plot, Figure 4.21, which demonstrates accelerated water absorption from day 99 onwards. 
Previous studies on the in vitro degradation of similar polyester carbonate copolymers, P(TMC-co-
DLLA), found that each composition requires a different time to reach the same ?̅?n, which is not 
seen in this study. Jie et al.
27
 studied the in vitro degradation of P(TMC40-co-DLLA60) and 
P(TMC85-co-DLLA15) compression moulded cylinders (2.5 mm diameter and 7 mm long) in PBS at 
37 
o
C. After 13 weeks the P(TMC85-co-DLLA15) samples still retained 60 % of their original ?̅?n, 
while the P(TMC40-co-DLLA60) samples only retained 15 % of original ?̅?n.
27
 Like-wise, melt-
pressed 600 µm thick films of P(TMC20-co-DLLA80), P(TMC50-co-DLLA50) and P(TMC79-co-
DLLA21) showed no correlation between molar composition and loss in ?̅?n, with these samples 
reaching < 10 kg/mol after 32, 17 and 59 weeks of in vitro degradation time in PBS at 37 
o
C, 
respectively.
12,16,17
  
 
As mentioned previously in Section 4.2.6.2, a comparison can be made between the samples cut 
from cast C and cast D films, to evaluate ?̅?n effects during degradation (Figure 4.19 and Table 4.8). 
This comparison was possible for the majority of degradation time points of the P(TMC21-co-
LLA79) and P(TMC30-co-LLA70) copolymers, and also for the initial (i.e. day 0) and day 230 of the 
P(TMC39-co-LLA61) copolymer, in which GPC analysis was conducted on the films from cast C, 
which are displayed and compared to the data from cast D films, Table 4.10. The P(TMC21-co-
LLA79) copolymer films started with either 16 or 36 kg/mol initially and the P(TMC30-co-LLA70) 
copolymer films with 11 or 34 kg/mol, cast D and C, respectively. However, by day 128 both 
castings have the same ?̅?n of 6 kg/mol for P(TMC21-co-LLA79) and 4 – 5 kg/mol for P(TMC30-co-
LLA70) films despite their different starting ?̅?n. However, the films from cast C have significantly 
higher ÐM which is most likely a result from random chain scission of initially longer chains on 
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average, as compared to the lower ?̅?n cast D films. Additionally, the P(TMC21-co-LLA79) 
copolymer films with 16 or 36 kg/mol initially and the P(TMC39-co-LLA61) copolymer films with 
13 or 27 kg/mol, cast D and C, respectively, have reached the same ?̅?n and ÐM by day 230 of 
degradation.  
 
 
 
Figure 4.25. Comparison of the average ?̅?n for P(TMC-co-LLA) copolymers of various molar 
compositions as a function of degradation time for cast D films.  
 
Cast C and D films reach the same ?̅?n after a certain period of time (i.e. day 128) despite their 
different starting ?̅?n, Table 4.10. From day 0 to day 99 the polymers displayed similar decreases in 
?̅?n, (i.e. relative to starting ?̅?n), however, from day 99 to 128 the films with an initially higher ?̅?n 
degrade much more rapidly to reach the same ?̅?n as the initially lower ?̅?n films by day 128. Given 
that cast C and D displayed the same mass loss profiles, Section 4.2.5.2, it would be theoretically 
required that the initially higher ?̅?n polymer reduced to a low enough ?̅?n to allow these chains to 
diffuse out and for mass loss to occur. They reach the same ?̅?n by day 128, therefore, between day 
99 to 128 the initially higher ?̅?n samples have displayed an increased rate of chain scission and thus 
increased ?̅?n loss, compared to the initially low ?̅?n samples. 
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Table 4.10. GPC results for P(TMC-co-LLA) copolymer films from cast D and C. 
  CAST C CAST D 
Composition Time ?̅?n ÐM ?̅?n ÐM 
 (Days) (kg/mol)  (kg/mol)  
P(TMC21-co-LLA79) 0 36 2.0 16 2.1 
 99 19 2.2 8 2.9 
 128 6 4.2 6 3.0 
 169 3 3.3 4 2.8 
 230 3 2.8 3 2.9 
P(TMC30-co-LLA70) 0 34 1.8 11 2.4 
 99 18 1.9 7 2.6 
 128 5 3.5 4 2.8 
 169 6 3.1 3 2.7 
P(TMC39-co-LLA61) 0 27 1.8 13 2.0 
 230 3 2.1 3 2.2 
 
Complimentary information from DSC and 
1
H NMR were collected for the P(TMC16-co-LLA84) 
copolymer at day 34, the P(TMC21-co-LLA79) and P(TMC39-co-LLA61) copolymers at day 230 of 
the degradation study for castings C and D, Table 4.11. The 
1
H NMR data demonstrates no 
significant difference in molar composition or ?̅?LLA between the different castings. Similarly, the 
thermal properties are comparable between the two castings. This suggests that the starting ?̅?n of 
these P(TMC-co-LLA) copolymers does not have a significant effect on the degradation profiles, 
within the ?̅?n range studied of between 11 – 36 kg/mol.  
 
Table 4.11. DSC and 
1
H NMR results for the P(TMC-co-LLA) copolymer films from cast D and C. 
Film & Casting Time 
(Days) 
𝑻𝒈  
(˚C) 
Tm 
(˚C) 
ωc 
(%) 
mol% 
TMC 
?̅?LLA 
P(TMC16-co-LLA84)       
Cast D 34 34.5 103-159 20 18 12 
Cast C 34 32 103-160 20.5 18 12 
P(TMC21-co-LLA79)       
Cast D 230 28 103-152 8.2 21 9 
Cast C 230 23 103-148 9.6 20 9 
P(TMC39-co-LLA61)       
Cast D 230 13 103-139 3.5 40 4 
Cast C 230 15 103-144 4.6 41 4 
 
All DSC values (𝑇𝑔, Tm & ωc) were obtained from the 2
nd
 heating cycle of the DSC thermogram. 
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4.3 Conclusions 
 
Over the course of the PhD two batches of polyester carbonate copolymers, P(TMC-co-LLA), were 
synthesised via ROP. In the first synthesis nine different compositions were prepared, ranging from 
12 to 100 mol% TMC, as identified through 
1
H NMR analysis. The number-average molecular 
weight of these copolymers ranged from 83 to 18 kg/mol which consistently decreased as the molar 
TMC content increased, which is related to the impurities within the TMC monomer. The thermal 
properties showed lower 𝑇𝑔 values with increasing TMC content which agreed well with the Fox 
equation. A second synthesis produced five additional copolymers within the narrower range of 9 to 
36 mol% TMC, which had ?̅?n values between 67 – 41 kg/mol and displayed similar properties as 
found for the polymers of the first synthesis. 
 
The materials from the first synthesis with compositions between 10 and 49 mol% TMC were 
solvent cast into films and subsequently investigated via SEM, GPC, DSC, tensile testing and in 
vitro degradation. SEM revealed relatively smooth and homogeneous films for all molar 
compositions with the exception of P(TMC16-co-LLA84) which showed significant surface 
roughness due to the higher amounts of DCM solvent used to cast this copolymer. Additionally, 
P(TMC39-co-LLA61) and P(TMC49-co-LLA51) showed some surface artefacts from where they had 
been removed from the casting substrate. GPC analysis showed no significant difference in ?̅?n 
between the bulk copolymers and the solvent cast films. DSC, on the other hand, indicated the 
presence of trapped residual solvent, identified through a significantly reduced 𝑇𝑔 in the films as 
compared to the bulk copolymers.  
 
Tensile testing was conducted on solvent cast films and revealed that the copolymer films exhibited 
an E between 2.8 and 271 MPa, σmax of 0.6 – 15.5 MPa, toughness of 5 – 43 J/g and εbreak from 356 
to 1287 %. The copolymers with high LLA content displayed enhanced stiffness, strength and 
toughness, while the TMC moieties promoted greater ductility. When the tensile testing was 
repeated on ‘wet’ films that had been submersed in PBS until equilibrium water uptake was reached 
(i.e. 3 days), the mechanical properties improved which was thought to be due to the leaching of 
residual casting solvent/s from within the films. This theory was supported by DSC analysis which 
revealed an increased 𝑇𝑔 in these films after submersion in PBS. Furthermore, sample thickness was 
found to affect the mechanical properties of these copolymer films such that thinner films tended to 
demonstrate enhanced E, σmax and toughness over thicker films. Again, this trend is likely solvent 
related, whereby it is probable that more residual solvent remained in the thicker films, which 
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created a stronger plasticising effect and lowered the mechanical performance of these films, 
compared to thinner ones.  
 
In vitro degradation was performed on copolymers films which had been exposed to ambient 
conditions for extended periods of time thus resulting in lowered ?̅?n. The study was conducted in 
PBS at 37 
o
C over a 34 week study. An initial mass loss of 3.3 – 6.7 % was seen for all molar 
compositions before any significant chain scission occurred, as indicated by the constant ?̅?n, 
demonstrating the leaching of water soluble oligomers and/or low ?̅?n species. The samples 
experienced an induction period, whereby the water content was minimal (< 10 %) up to day 64 
across all copolymer compositions investigated. This was attributed to the high hydrophobicity of 
the PTMC segments and high ωc of the PLLA segments, both limiting water diffusion into the 
polymer network. A drastic reduction in ?̅?n took place at day 99, before any significant water 
uptake or mass loss occurred, suggesting that these P(TMC-co-LLA) copolymers are undergoing 
bulk degradation. More specifically, P(TMC-co-LLA) copolymer films with greater than 21 mol% 
TMC were found to underwent a homogeneous bulk degradation mechanism, as identified through 
monomodal GPC traces throughout degradation, while the P(TMC16-co-LLA84) films undergo 
heterogeneous bulk degradation, as identified through bimodal GPC traces.  
 
The water content drastically increased and reached hydration levels up to 500 % in the late stages 
of degradation. This was found to be compositionally dependent, such that copolymers with higher 
TMC content had increased water content.  This was thought to be due to the lowered 𝑇𝑔 and 
inherently lower ωc within the copolymers containing more TMC. At later stages of degradation, 
minimal mass loss was seen up to day 99, < 8 %, while the ?̅?n had significantly decreased for all 
copolymer compositions by a minimum of 36 %. This is indicative of chain cleavage leading to 
insoluble high ?̅?n fragments. Once the ?̅?n dropped to approximately 5 kg/mol, the critical value 
was reached and a drastic reduction in the remaining ?̅?n followed along with enhanced water 
uptake and mass loss. At the conclusion of the study a ten-fold difference in water content of 
P(TMC49-co-LLA51) films saw less than a two-fold difference in the total mass loss of these films as 
compared to the P(TMC21-co-LLA79) films. In addition, the lowest TMC content copolymers 
showed the lowest mass loss, while the highest TMC content copolymers displayed the highest 
mass loss. Thus, higher water uptake was found to increase the degradation rates of these 
copolymers, however, the two properties do not directly correlate. Furthermore, films of different 
starting ?̅?n were used throughout the study which had no effect on the degradation profiles of the 
copolymers. 
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This study has extended the knowledge of polyester carbonate polymers. Comparing the data 
obtained in this study to previous studies which have investigated the in vitro degradation of 
P(TMC-co-LLA) copolymers brings to light that degradation of these materials is a complex 
phenomenon that is not only compositionally dependent but also affected by other factors, of which, 
crystallinity appears to be a very dominant factor.   
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Chapter 5 
 
3D Fibrous Mat Processing 
and Characterization 
 
5.1 Introduction to Electrospinning 
 
Electrospinning is a simple and versatile technique which produces continuous thin fibers with 
diameters ranging from nano- to microscale. The electrospinning technique allows highly porous, 
nonwoven, three-dimensional (3D) fiber structures with interconnected pores and a high surface 
area to be fabricated on custom built apparatus at relatively low cost.1 This technique was originally 
patented by two separate researchers J.F. Cooley and W.J. Morton in 1902, and Anton Formahls 
made development towards the commercialisation of this technique for the fabrication of textile 
yarns with a sequence of patents from 1934 to 1944.2,3 However, despite these early patents, this 
technique was not utilised commercially with any great success. Further research by Sir Geoffrey 
Ingram Taylor, between 1964 to 1969, saw advances in the theory underpinning this technique 
through mathematic modelling investigations,3 however, it wasn’t until the early 1990s that a 
number of research groups, most notably Reneker and coworkers, demonstrated that this technique 
allowed the fabrication of thin fibers from many different organic polymers.2-5 During this time the 
term “electrospinning” was coined and the demonstrated flexibility offered by elecrospinning with 
the array of current materials available, in combination with the surging interest in nanotechnology, 
saw a re-sparked interest in this technique, and the popularity and wide spread usage of the 
elecrospinning technique in the literature has been growing exponentially since.2,3,6 
 
The electrospinning technique generally involves dissolving the polymer in a solvent/solvent 
mixture or producing a polymer melt and extruding it from a syringe at which point an electrical 
field is induced by a high voltage supply as illustrated in Figure 5.1. As the polymer solution is 
pushed out of the syringe tip, it forms a hemispherical shape due to its surface tension holding it to 
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the tip of the syringe, however, as the solution is subjected to an electric field, like charges built up 
in the polymer solution which oppose surface tension such that the hemispherical polymer drop 
elongates to form a conical shape known as the Talyor cone. When the applied electric field is 
further increased to a critical point where the repulsive force induced by the electric field 
overcomes the surface tension force, a charged jet of solution is ejected from the apex of the Taylor 
cone.4 A grounded collection surface is placed nearby which attracts the charged jet. As the charged 
jet travels in air the solvent evaporates and the jet becomes stretched due to the induced electrical 
field.4,7,8 These two effects simultaneously result in the jet diameter to decrease, which in turn 
increases the surface charge density of the jet. The high repulsive forces, from the increased charge 
density, split the jet and the smaller jets splay. The smaller jets then split and splay as their diameter 
is reduced further. This process generally repeats itself several times to create many small jets that 
dry rapidly to form fibers with very small diameter which randomly deposit onto a grounded 
collector in a continuous manner, thus creating a randomly laid non-woven nanofiber mat on the 
collection surface.4,5,7 
 
 
 
Figure 5.1. Schematic of the general electrospinning set-up. Figure adapted from Eda et.al.9 
 
With knowledge of the electrospinning process, it has been identified that the following parameters 
affect the morphological characteristics of the fibrous mat; 1,4,6,7,10-13  
(i) Solution Properties – inherent properties of the polymer, viscosity/concentration, 
conductivity, surface tension, solvent/solvent mixtures, polymer molecular weight, 
molecular weight distribution, topology (linear, branched, etc.), dipole moment and 
dielectric constant. 
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(ii) Controlled Variables  –  hydrostatic pressure in the capillary/polymer feed rate, electric  
potential at the tip/applied voltage, distance between the tip and the collection target, 
needle tip design/diameter, collector composition, geometry and motion. 
(iii) Ambient Parameters – temperature, humidity, air velocity in the electrospinning 
chamber. 
Some of these parameters will be discussed in the next section, while others will be discussed in 
Chapter06. 
 
5.1.1. Effects of Electrospinning Parameters on the Fiber Mat Morphology 
As mentioned in Section 5.1, the scaffold properties can be controlled by varying the parameters 
during the electrospinning process. A number of research groups have studied the systematic 
variation of individual parameters to investigate the effect on scaffold properties such as the fiber 
diameter and morphology, pore size, porosity, composition, structure, and mechanical 
properties.6,10,11 Often the effects of solution properties can be difficult to isolate since varying one 
parameter can generally affect other solution properties (e.g., changing the conductivity or 
molecular weight can also change the viscosity).6 Therefore, these parameters tend to be less well 
understood and most research has been focused on the parameters that are easily isolated.  
 
A very influential parameter that can be varied to control the fiber diameter and morphology is the 
concentration of the polymer. Changes in the polymer concentration alone, whilst keeping other 
parameters constant, allows the fabrication of fiber diameters ranging from only a few nanometers 
up to several micrometers.11 It is generally found that too low concentrations result in defects such 
as beading and junctions between the fibers, whereas too high concentrations prevent 
electrospinning because the solution is so viscous that it dries out at the syringe tip before any fibers 
can be initiated.6 Hence, for a given polymer system, as long as the solution viscosity is within an 
appropriate range and the remaining parameters are kept constant, a variety of fiber diameters can 
be obtained by varying the solution concentration. In general, the more concentrated the solution the 
larger the fiber diameter. This relationship was demonstrated in a number of studies; Jun et al. 
demonstrated the electrospinning of PLLA fibers whereby 800 - 2400 nm fibers were obtained 
using 5 wt% solution concentration, which was then reduced to 100 - 300 nm fibers when a 1 wt% 
solution was used.6 Mo et al. electrospun a 75:25 block copolymer of l-Lactide and caprolactone, 
P(LLA-co-CL), with the polymer concentration varied between 3 to 9 wt%. It was found that the 
fiber diameter was significantly affected by polymer concentration, such that the more concentrated 
polymer solutions resulted in significantly thicker fibers.12 Additionally, Jia et al. electrospun a 
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copolymer of caprolactone and trimethylene carbonate, P(CL-co-TMC), with concentrations varied 
between 20 - 28 wt%, and found, like-wise, that as the concentration was increased, the diameter of 
the fibers was also increased.7 Thomas et al. demonstrated the electrospinning of Biosyn whereby 
900 - 1100 nm fibers were obtained using 20 wt% solution concentration, which was then reduced 
to 500 - 700 nm fibers when a 13 - 15 wt% solution was used.14 Similar results of polymer 
concentration effects were also obtained by Demir et al.15 and Deitzel et al.16 
 
Another important parameter for controlling the scaffold properties is the applied voltage. As the 
voltage in increased, the electrostatic force within the Taylor Cone is increased, and thus the split 
ability of both the droplet and jet is reinforced.7 Over and above the critical voltage required to 
initiate the jet, it has been found that lower voltages generally produce smooth fibers, whereas 
higher voltages tends to decrease the fiber diameter until a point where the voltage is too high and 
the introduction of beading occurs.6,7,12 In particular, Mo et al. investigated the voltage effects at 9, 
12 and 15 kV during the elecrospinning of PLLA. It was found that the fiber diameter tended to 
decrease as the voltage increased, however, this influence was not as great as that of polymer 
concentration.12 Like-wise, Jia et al. and Buchko et al. found that the fiber diameter also tended to 
decrease with increasing the voltage.7,17 Similarly, Larrondo et al. found that doubling the applied 
electrical field decreased the fiber diameter by approximately half.18 In addition, there have also 
been studies investigating the voltage parameter effects on fiber morphology that have highlighted 
the complexity of the eletrospinnning process. For example, Baumagarten et al. theorised that an 
increased filed strength does increase the electrostatic stresses in the polymer solution, and thus, 
does create smaller diameter fibers, however, it also changes the shape of the suspended drop from 
which the jet is ejected and tends to draw out more material increasing the spinning rate. Therefore, 
in some instances it has been demonstrated that an increase in voltage can initially decrease the 
fiber diameter until a minimum is reached, after which, further increases in the voltage actually 
produced much larger fiber thicknesses.19 
 
The distance between the needle tip and the grounded collector, known as the tip collector distance 
(TCD), can also affect the scaffold properties. A minimal distance is required so that the fibers have 
sufficient time to dry before reaching the collector, as it has been found that low separation 
distances result in wet fibers or beads collecting on the target.4,5,17 It has also been found that the 
formation of beads occurs when the collector is either too close or too far from the needle.6 When 
the TCD is varied within the appropriate limits, larger collector distances allow for more polymer 
jet splitting, and thus in general thinner fibers are deposited as the TCD is increased. This effect was 
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demonstrated in a study involving the electrospinning of P(CL-co-TMC) fibers with a TCD varied 
between 5 to 20 cm which produced fiber diameters of 2000 nm over short distances, down to 220 
nm when a large TCD of 20 cm was used.7 A similar relationship has been seen with the solution 
flow rate, where fiber beading occurs when the flow rate is too fast and the fibers do not have 
sufficient time to dry before reaching the collector. However, at reduced flow rates there can be 
some control over the fiber diameter, with lower flow rates yielding smaller fiber diameters.6 
Furthermore, Balguid et al. demonstrated that the fiber diameter tended to increase as the polymer 
feed rate was increased from 12 to 20 and to 35 µL/min.1  
 
The needle diameter used during electrospinning can also affect the morphology of the fibers. Mo et 
al. investigated four different needle diameters ranging from 0.4 mm - 1.2 mm and found that at a 
set concentration, the thinner the needle tip, the more the fibers were bead free and smooth.12 
Following from this, the composition, geometry and motion of the collector also has an effect on the 
electrospun scaffold. The smoothness of the fibers was found to vary depending on the types of 
collector e.g. metal, a water reservoir, or a methanol collector.6 It was also found that the packing 
density (i.e. porosity) of the fibers could be somewhat controlled by using a more porous collector 
and/or using a collector that was less efficient at dissipating the charge of the fibers.6 The 
introduction of fiber alignment can be controlled using a rotating collector rather than one that is 
stationary.6 The control of fiber alignment can be desirable when increased stiffness and strength in 
a single direction of the scaffolds is required. This was demonstrated in a study where PCL 
electrospun scaffolds on a stationary mandrel had an elastic modulus of 2.1 MPa, which was 
subsequently increased to 7.2 and 11.6 MPa in the parallel direction to fiber alignment when 
mandrel speeds of 4 and 8 m/s, respectively, were used.20  
 
The ambient parameters during electrospinning have also been shown to affect the fiber 
morphology. As the temperature is increased, this in turn often decreases the solution viscosity and 
thus results in thinner fibers.21 High humidity has also been shown to introduce circular pores on the 
fibers.22,23 Furthermore, additional control over pore size can be achieved through the incorporation 
of a blowing agent (BA) into the polymer solution, which results in the production of larger pore 
sizes throughout the electrospun scaffold.10 Further control of the scaffold properties can be gained 
through the addition of additives such as salts, alcohols and surfactants which increases the 
electrical conductance of the polymer solution and thus allows more advanced tailoring of fiber 
diameter and more uniform fibers in general.6 A detailed description of this final parameter is given 
in Chapter 6.  
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Table 5.1. Summary of expected effects on electrospun mat fiber morphology for various 
electrospinning parameters, as evidenced in literature.  
Parameter General Effect on Fiber Morphology 
Polymer 
Concentration/Viscosity 
6,7,12,15,16,19,21,24 
 Too low solution concentrations result in defects such as beading 
   and junctions between the fibers 
 Too high concentrations prevent electrospinning because the 
   solution is so viscous that it dries out at the syringe tip before any     
      fibers can be initiated.  
 Increased polymer concentration and/or viscosity increases the 
   fiber diameter  
Voltage 6,7,12,17-19   Lower voltages (above critical voltage) generally produce smooth  
   fibers 
 Too high voltages introduce beading 
 Fiber diameter tends to decrease as the voltage is increased,  
       however, this influence is not as great as that of polymer  
   concentration 
 In some instances, once a minimum fiber diameter has been  
   achieved through an increase in the voltage, further increases in   
      voltage may actually increase the fiber diameter (due to a higher   
      polymer flow rate) 
Tip Collector Distance 
4-7,17,24,25 
 A minimal distance is required so that the fibers have sufficient  
   time to dry before reaching the collector  
 The formation of beads occurs when the collector is either too 
   close or too far from the needle 
 The fiber diameter generally decreases with increased TCD 
Feed Rate 1,6,23  Too fast a feed rate doesn’t allow the fibers sufficient time to dry  
       before reaching the collector and therefore fiber beading occurs 
 The fiber diameter tends to increase as the polymer feed rate is  
    increased  
Needle Diameter 12  Thinner needle tips generally produce more smooth and bead free  
   fibers 
Composition, Geometry 
and Motion of the 
Collector 6 
 Different collectors e.g. metal, a water reservoir, or a methanol  
   collector effect the smoothness of the electrospun fibers 
 The porosity of the electrospun constructs could be somewhat  
   controlled by using a more porous collector and/or using a  
       collector that was less efficient at dissipating the charge of the  
      fibers  
 Using a rotating collector rather than one that is stationary can  
   introduce fiber alignment  
Temperature and 
Humidity 21-23 
 Increased temperature decreases the solution viscosity and thus  
      results in thinner fibers and has also been shown to increase the    
      deposition rate 
 High humidity has been shown to introduce circular pores on the  
   fibers 
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Lastly, although some solution properties are difficult to isolate, there have been a number of 
research groups that have investigated how certain solution properties affect the fiber morphology 
or electrospinning process in general. Included is the polymer molecular weight6,21,26 and solvents 
or solvent mixtures21,24,27-29 used to make up the polymer solution, and the conductivity, dielectric 
constant6,23,27,28 and surface tension26 of the polymer solution. A detailed description of these 
solution parameters is given in Chapter 6. A summary of how all the electrospinning parameters 
discussed thus far, (without those specific to Chapter 6), affect electrospun mat morphology are 
displayed in Table 5.1. 
 
5.1.2. Pore Size, Fiber Diameter and Porosity Interdependence 
Under normal electrospinning conditions (assuming stable Taylor Cone, adequate solvent 
evaporation, without additives etc.) it has been demonstrated that the fiber width and porosity are 
important for optimising the pore size of the resultant mat. It has been found that, at a given mat 
density (mass per unit area) and porosity, the mean pore radius increases with increased fiber 
width.30 In addition, at a given fiber diameter and assuming constant mat density, it has been 
demonstrated that the mean pore size decreases with increasing porosity. Furthermore, it is also 
possible to get different mean pore sizes in electrospun mats of the same porosity, and hence, it is 
important that both porosity and pore size are measured to ensure that the pores of highly porous 
mats are large enough for cell migration to occur when tailoring electrospun mats to a medical 
application.30   
 
5.2 Experimental Design 
 
5.2.1. Copolymer Selection 
The synthesised candidate materials were processed into films via solvent casting and examined 
using static tensile testing under dry conditions as described in Chapter 4. The data from these tests 
provided information about the range of bulk mechanical properties of the synthesised materials. 
However, processing the synthesised copolymers into 3D constructs via electrospinning will 
inevitably result in altered mechanical properties in comparison to the solvent cast films. It is 
expected that the 3D electrospun mats will have reduced strength and elastic modulus compared to 
the 2D films, due to the introduced porosity, as has been found in previous studies.31-36 The 
relationship between the elastic modulus and relative density has been extensively studied by 
Gibson and Ashby37 for low-density (i.e. highly porous) cellular solids. In their work, they have 
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demonstrated that the relative modulus (E*/Es) of a low-density cellular solid is related to the 
relative density (ρ*/ρs) through Equation 5.1.37  
𝐸∗
𝐸𝑠
= 𝐶1 (
𝜌∗
𝜌𝑠
)
𝑛
                                                     [Equation 5.1] 
       Where;    𝐸∗ = Elastic modulus of porous sample 
           𝐸𝑠 = Elastic modulus of solid material from which the porous sample is made 
             𝜌∗ = Density of porous sample 
           𝜌𝑠 = Density of solid material from which the porous sample is made 
    𝐶1 & n = Constants 
 
The constants C1 and n depend upon the internal microstructure of the cellular solid, that is, on the  
degree to which the scaffold has closed pores as compared to a more open porous structure.37,38      
In the specific case of electrospun mats where a random mat of fibers is prepared, the sample is 
considered to have a completely open-cell structure whereby the material has struts which form the 
cells edges and the cells are interconnected. Gibson and Ashby have found that applying Equation 
5.1 to a wide range of experimental data for open-cell structures, (i.e. the relative elastic modulus of 
various cellular solids and their corresponding relative densities), an adequate approximation is 
reached using C1 ≈ 1 and n = 2. Hence, for a completely open-cellular low-density structure, such as 
an electrospun mat, Equation 5.2 is applicable.37  
𝐸∗
𝐸𝑠
≈ (
𝜌∗
𝜌𝑠
)
2
                                                       [Equation 5.2] 
       Where;    𝐸∗ = Elastic modulus of porous sample 
           𝐸𝑠 = Elastic modulus of solid material from which the porous sample is made 
             𝜌∗ = Density of porous sample 
           𝜌𝑠 = Density of solid material from which the porous sample is made 
 
The fraction of pore space within any given cellular solid, otherwise known as a samples porosity 
(ε), is defined as (1- ρ*/ρs). Rearranging this in terms of the relative density gives ρ*/ρs = (1 – ε). 
Substituting this into Equation 5.2 gives an alternative form of this model, Equation 5.3, which 
directly relates the elastic modulus of a sample to its inherent porosity through a power-law 
relationship.31-34,36 
𝐸∗ ≈ 𝐸𝑠(1 − 𝜀)
2                                                   [Equation 5.3] 
       Where;    𝐸∗ = Elastic modulus of porous sample 
                       𝐸𝑠 = Elastic modulus of solid material from which the porous sample is made 
                        𝜀  = Porosity of sample 
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Hence, it was possible to utilise Equation 5.3 as a model to predict the elastic modulus of the 
P(TMC-co-LLA) materials after potentially electrospinning them into fibrous mats, and thus assist 
in deciding which copolymers are most likely to closely match the vascular application of this 
project. Taking the porosity, ε, of a random electrospun scaffold to be 0.9 as a starting point, in 
conjunction with the elastic modulus data from the solvent cast films as Es, it was possible to 
predict, using Equation 5.3, how the elastic modulus will be altered by the increase in porosity after 
electrospinning into fibrous mats, Table 5.2.   
 
Table 5.2. Summary of expected elastic modulus ranges for various electrospun fiber mats 
produced from P(TMC-co-LLA) copolymers, as based on the elastic modulus values obtained from 
the same materials in solid form as solvent cast films.  
 FILM (data) a MAT (predicted) b 
Copolymer Composition  Elastic Modulus           Elastic Modulus 
Range     
Elastic Modulus 
Range     
(mol %) (MPa) (MPa) (MPa) 
P(TMC16-co-LLA84) 271 ± 36 235 – 307  2.4 – 3.1  
P(TMC21-co-LLA79) 42 ± 3 39 – 45 0.4 – 0.5  
P(TMC27-co-LLA73) 89 ± 14 75 – 103 0.8 – 1.0 
P(TMC30-co-LLA70) 18 ± 8 10 – 26 0.1 – 0.3 
P(TMC39-co-LLA61) 7.3 ± 1.4 5.9 – 8.7 0.06 – 0.09 
P(TMC49-co-LLA51) 2.8 ± 0.2 2.6 – 3.0 0.03 – 0.03 
a: As described in Chapter 4 
b: Calculations are based on a mat porosity, ε, of 0.9 
 
As mentioned previously in Chapter 2, the specific mechanical properties of human coronary 
arteries fall within the range of 1.06 – 2.31 MPa for the elastic modulus.14,39-46 In Table 5.2, it can 
be seen that the P(TMC16-co-LLA84) copolymer is predicted to be too stiff, while the P(TMC39-co-
LLA61) and P(TMC49-co-LLA51) copolymers are predicted to lack sufficient stiffness. The 
copolymers with molar compositions between 21 to 27 mol% TMC have predicted elastic moduli 
that most closely match the elastic modulus of human coronary arteries. Thus, the appropriate 
P(TMC-co-LLA) materials to carry forth and process into 3D porous mats via electrospinning is 
identified to be those containing TMC content above 16 mol% but below 39 mol%. However, this 
model is only to be used as a guide, as it is known that many of the electrospinning parameters can 
be tailored to alter the mechanical properties of the constructs as discussed in Section 5.1.1. Hence, 
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utilisation of the model along with careful choice of parameters during electrospinning should allow 
the fabrication of a scaffold with mechanical properties that are suitable for use as a TE vascular 
graft.  
 
The effect of various electrospinning parameters was investigated to gain an understanding of how 
the structural properties of these materials can be controlled. To do this a parameter space study was 
conducted where the voltage, collector distance, and feed rate parameters were systematically 
varied and the resultant average fiber diameter and pore size for each mat was analysed Although 
Chapter 4 identified the ideal P(TMC-co-LLA) compositional range, as based on mechanical 
properties, this chapter looked more broadly at the effect of composition. This study used three 
different copolymer compositions; two with molar TMC ratios within the identified range, 
P(TMC20-co-LLA80) and P(TMC32-co-LLA68), as well as P(TMC9-co-LLA91) which had been 
synthesised in large quantities. All electrospinning solutions were made to 25 wt% in a 90/10 
mixture of CHCl3/DMF. The collector plate was a 10 cm × 10 cm square of aluminium foil. In the 
parameter space study the applied voltage ranged between 17 – 30 kV, the collector plate distances 
from 10 – 20 cm and the polymer feed rates were varied between 2 – 20 mL/hr. Results for the 
P(TMC9-co-LLA91), P(TMC20-co-LLA80) and P(TMC32-co-LLA68) copolymers are shown in 
Sections 5.3.1, 5.3.2, and 5.3.3, respectively. This allowed investigation into the effects of 
copolymer composition on the fiber diameter and pore size of the mats, Section 5.3.5. 
  
5.2.2. Development of Characterisation Protocol  
The SEM protocol utilised to image the polymers in the form of solvent cast films was initially 
implemented, however, it was found that these mats were easily damaged under the electron beam 
as can be seen in Figure 5.2a. Therefore, a new SEM protocol was developed in order to obtain 
good images of these electrospun mats. It was found that increasing the working distance during 
imaging didn’t improve the quality of the image (Figure 5.2b), as did using a lower electron beam 
voltage (Figure 5.2c). However, it was found that a thicker platinum coating on the samples in 
conjunction with using a lower voltage electron beam gave the best images (Figure 5.2d). The 
optimised SEM protocol allowed the electrospun mats to be successfully imaged and it was verified 
that these materials can indeed be successfully fabricated into highly homogeneous fibrous mats 
through the electrospinning process (Figure 5.2d).  
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Figure 5.2. SEM images of electrospun mats imaged using different protocols; a) identical protocol 
as what was used to image the solvent cast films, b) larger working distance, c) lower electron beam 
voltage, d) thicker platinum coating during sample preparation in conjunction with lower electron 
beam voltage. All mats were made from a P(TMC9-co-LLA91) copolymer in a 90/10 ratio mixture 
of CHCl3/DMF at a solution concentration of 25 wt%, voltage between 11 - 12 kV, collector 
distance of 20 cm and a feed rate between 1 - 4 mL/hr.  
 
In order to compare the morphological characteristics of one mat to another a protocol for fibrous 
mat analysis was developed. This involved measuring 61 or more randomly chosen fiber diameters 
and pores from high magnification SEM images for each mat. In general, a minimum of 4 different 
spots were imaged on each mat from which the measurements were taken. As the electrospinning 
technique involves the collection of fibers in a random manner, the pores in electrospun mats are 
generally not considered to be well-defined,47 and can often be difficult to measure in thin sheets of 
electrospun scaffolds.1 However, the pore size of such electrospun mats has been determined 
previously in the literature by measuring the diameter of a virtual sphere between the fibers in the 
same or in a nearby plane.36 Therefore, in this study the pore size was taken to be the diameter of a 
circle drawn between fibers which were in the same plane and/or which had points of attachment to 
a b
c d
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other fibers in an adjacent plane (i.e. either one fiber diameters distance above or below a given 
plane). This method of measuring the pore size is illustrated in Figure 5.3.  
 
 
Figure 5.3. SEM image of electrospun mat at high magnification with circles drawn between fibers 
that are connected to each other either in the same plane or nearby planes only one fiber diameters 
distance apart. This mat is made from a P(TMC9-co-LLA91) copolymer in a 90/10 ratio mixture of 
CHCl3/DMF at a solution concentration of 25 wt%, voltage between 11 - 12 kV, collector distance 
of 20 cm and a feed rate of 1 mL/hr.  
 
The effect of voltage, collector distance and polymer feed rate on the average fiber diameter and 
pore size was assessed statistically by firstly determining the distribution of the data sets using the 
Kolmogorov-Smirnov test. Data sets that fulfilled the Kolmogorov-Smirnov test (i.e. data set is 
normally distributed) were subsequently assessed for homogeneous variance using the Levene’s 
test. Data sets that fulfilled Levene’s test (i.e. have equal variance) were compared by a one way 
ANOVA followed with a Tukey post-hoc test, while data sets that did not fulfil Levene’s test (i.e. 
do not have equal variance) were compared by a one way ANOVA followed with a Games Howell 
post-hoc test. Data sets that initially did not fulfil the Kolmogorov-Smirnov test (i.e. data set is not -
________________________________________________________________________________
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normally distributed) were compared by a non-parametric one way ANOVA Kruskal-Wallis test 
followed with a Mann-Whitney U post-hoc test. In this case, the Bonferroni Adjustment Factor was 
used to calculate a new alpha value for these comparisons. All statistical analyses were conducted 
using SPSS software with α ≤ 0.05 considered as statistically significant.  
 
5.3 Results and Discussion 
 
5.3.1 P(TMC9-co-LLA91) Copolymer Electrospun Mats 
The parameter combinations that were investigated for the P(TMC9-co-LLA91) copolymer are 
shown below in Table 5.3, along with the resultant average fiber diameter and pore size for each 
electrospun mat. During this parameter space study the time for polymer deposition into a fibrous 
mat was kept relatively constant between the different conditions. 
 
Table 5.3. Summary of the average fiber diameter and the average pore size of P(TMC9-co-LLA91) 
electrospun mats fabricated using different combinations of voltage, collector distance and feed 
rate.  
Sample Name Electrospinning Parameters    Morphological Properties 
 Voltage Collector 
Distance 
Feed Rate Fiber Diameter 
(±SE) 
Pore Size         
(±SE) 
 (kV) (cm)  (mL/hr)  (nm)  (nm)   
9-M1 24 10 2 664 (29) 2184 (93) 
9-M2 24 15 2 530 (25) 3869 (190) 
9-M3 24 20 2 547 (28) 3533 (185) 
9-M4 24 10 10 849 (35) 4869 (195) 
9-M5 24 15 10 858 (36) 4922 (289) 
9-M6 24 20 10 924 (39) 5815 (257) 
9-M7 17 15 2 532 (29) 4351 (198) 
9-M8 30 15 2 753 (48) 4377 (207) 
9-M9 17 15 10 614 (35) 3983 (210) 
9-M10 30 15 10 751 (36) 4615 (256) 
9-M11 24 15 5 854 (44) 5572 (375) 
9-M12 24 15 20 954 (61) 8042 (423) 
Note: SE refers to the standard error of the mean 
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From the data displayed in Table 5.3, it is evident that changing the voltage, collector distance and 
the polymer feed rate parameters during processing does produce electrospun mats with some 
variation in their morphology. Statistical analysis of this data was performed as shown in 
Appendix(B) I and II. It can be seen that the parameter space investigated during electrospinning of 
the P(TMC9-co-LLA91) copolymer, produced mats with fiber diameters and pore sizes within a 
relatively narrow range: between 530 - 954 nm for the fiber diameters and between 2.2 - 8.0 µm for 
the pore sizes. The effect of voltage on the morphology of the mats can be ascertained by 
comparing the samples 9-M7, 9-M2 and 9-M8, as well as by comparing samples 9-M9, 9-M5 and 
9-M10, whereby the voltage was changed while the other parameters were held constant. The 
differences in fiber diameters and pore sizes of the mats processed at various voltages (17, 24 and 
30 kV), are graphically represented in the bar graphs shown in Figure 5.4.  
 
In general, it can be seen that an increase in voltage from 17 kV to 30 kV increases the fiber 
diameter significantly from 532 nm to 753 nm (samples 9-M7 and 9-M8) and 614 nm to 751 nm 
(samples 9-M9 and 9-M10) for the 2 mL/hr and 10 mL/hr feed rates, respectively (Table 5.3 and 
Figure 5.4(a)). However, these significant increases in fiber diameter do not result in significantly 
larger pore sizes between these electrospun mats (Figure 5.4(b)). Furthermore, at the slower feed 
rate of 2 mL/hr, there was no increase in fiber diameter going from 17 kV to 24 kV (samples 9-M7 
and 9-M2), however, a further increase from 24 kV to 30 kV did result in significantly thicker fibers 
(samples 9-M2 and 9-M8). Conversely, at the faster feed rate of 10 mL/hr, the opposite trend was 
seen with thicker fibers being formed at 24 kV compared with 17 kV (samples 9-M5 and 9-M9), 
however not when the voltage was increased from 24 kV to 30 kV (samples 9-M5 and 9-M10). 
Despite obtaining a number of statistically different fiber diameters for these mats across the 17 - 30 
kV voltages trialled, it can been seen in Figure 5.4(b) that only one set of conditions produced mats 
with statistically different pore sizes; i.e. 10 mL/hr feed rate and 17 kV to 24 kV which produced an 
increase in the average pore size from 4.0 µm in sample 9-M9 to 4.9 µm in sample 9-M5.  
 
The results of this study show that larger fiber diameters are obtained when increasing the voltage 
from 17 to 30 kV and thus do not follow the trends reported in the literature as outlined in Section 
5.1.1.6,7,12,17 Furthermore, this trend is seen regardless of if the polymer feed rate is set at 2 or 10 
mL/hr. This unexpected trend is most likely due to non-ideal polymer deposition during 
electrospinning. The mat (9-M7) produced using 17 kV had a large variation in fiber diameters 
(Figure 5.5) due to an unstable Taylor Cone during electrospinning. It also appears that the non-
ideal deposition with fluctuating amounts of polymer jetting from the unstable Taylor Cone has  
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Figure 5.4. Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for the mats 
processed from the P(TMC9-co-LLA91) copolymer with an electrospinning voltage of either 17, 24 
or 30 kV. The collector distance was set at 15 cm for this experiment and the voltage effects were 
investigated at a 2 mL/hr polymer feed rate as well as 10 mL/hr. Measurements that are statistically 
different from one another are displayed with a horizontal line above them and a symbol which 
refers to the significance value for that particular comparison such that * p < 0.01 and ** p < 0.05.  
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resulted in fiber diameters that are less normal distributed, as reflected by the low p value of 0.09 
for the Kolmogorov-Smirnov (K-S) test for normality (Appendix(B) I). In addition, when 
electrospinning at 30 kV the mat produced (sample 9-M8) had fused fibers (Figure 5.5) which are 
most likely the result of incomplete solvent evaporation before reaching the collector plate.4,6,7,17 
Fiber fusion has also been seen during the electrospinning of a commercially purchased P(TMC30-
co-LLA70) copolymer from a 70/30 DCM:DMF solvent mixture.
48 This result was thought to be due 
to the use of a high boiling point solvent (DMF) during the spinning process.48 This theory is 
supported by analysing the average pore sizes obtained for the three mats electrospun across the 
different voltages (samples 9-M7, 9-M2 and 9-M8). 
 
Despite the 30 kV setting producing statistically larger fiber diameters when compared to both the 
17 and 24 kV mats (Figure 5.4(a)), it did not result in larger pores (Figure 5.4(b)). As the thicker 
fibers in this mat are a result of fused fibers, the expected increase in pore size is not seen because 
the fusing of fibers causes the pore size area to decrease. As was observed for the 2 mL/hr feed rate 
data, the mats electrospun using 10 mL/hr (samples 9-M9, 9-M5 and 9-M10) also had undesirable 
characteristics when the voltage was either 17 or 30 kV. As can be seen in Figure 5.6, employing 17 
kV (sample 9-M9) again resulted in large fiber diameter variation due to an unstable Taylor Cone, 
while the higher voltage of 30 kV (sample 9-M10) again produced a mat with fused fibers due to 
inadequate solvent evaporation. In addition, having the higher voltage in conjunction with a faster 
10 mL/hr feed rate, produced mats that not only showed fused fibers, but also had large blobs of 
polymer scattered across the electrospun mat (Figure 5.6, image (g)). Based on the finding that 
using either 17 or 30 kV produced non-ideal mats across both 2 and 10 mL/hr feed rates, the 
remaining electrospinning experiments were conducted using 24 kV. As seen in Figure 5.5 and 
Figure 5.6, using 24 kV produces ideal deposition conditions with the mat possessing relatively 
homogeneous fibers and limited spreading at the points of connection.  
 
A graphical representation of the fiber diameters (a) and pore sizes (b) of the mats that were 
processed at various collector distances (10, 15 and 20 cm) at a set voltage of 24 kV and at a 
polymer feed rate of either 2mL/hr (samples 9-M1, 9-M2 and 9-M3, respectively) or 10mL/hr 
(samples 9-M4, 9-M5 and 9-M6, respectively) are shown in Figure 5.7. This figure also shows how 
the fiber diameter and pore size is affected when the polymer feed rate is changed from 2, 5, 10 and 
20 mL/hr at a set voltage of 24 kV and a set collector distance of 15 cm (samples 9-M2, 9-M11, 9-
M5 and 9-M12, respectively). 
 
 
142 
 
 
 
Figure 5.5. SEM images of electrospun P(TMC9-co-LLA91) copolymer mats at voltages of 17, 24 
and 30 kV, a set collector distance of 15 cm and a 2 mL/hr feed rate; (a) and (b) sample 9-M7; (c) 
and (d) sample 9-M2; (e) and (f) sample 9-M8; (a), (c) and (e) denote a 1000 magnification; (b), (d) 
and (f) denote a 4000 magnification.  
 
When looking at the average fiber diameters obtained when using a 2 mL/hr feed rate, it appears 
that increasing the collector distance from 10 cm to 15 cm and also from 10 cm to 20 cm 
significantly decreases the fibers from 664 nm to 530 nm (samples 9-M1 and 9-M2) and 664 nm to 
547 nm (samples 9-M1 and 9-M3), respectively. The decreasing trend in the average fiber diameter 
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of these mats as a function of increasing collector distance agrees with previous literature (Section 
5.1.1).4,6,7,17 This decrease in fiber diameter also correlates with the resulting pore sizes, with the 
mat produced at a 10 cm collector distance (9-M1) having significantly different pore sizes to both 
the mats electrospun at 15 and 20 cm distances (9-M2 and 9-M3). However, it should be noted that 
the relationship that exists between the average fiber diameter and pore size of these mats is unusual 
in that the thinner fibers have the largest pore sizes, which is contradictory to theory (Section 
5.1.2).30 Under normal electrospinning conditions (assuming stable Taylor Cone, adequate solvent 
evaporation, without additives etc.) the pore size range within an ideal mat depends upon the 
diameter of the fibers being deposited. Generally, the thicker the fibers the larger the pores.30 On 
close observation of the SEM images of these mats (Figure 5.8), it can be seen that the mat 
electrospun at the shorter collector distance of 10 cm (sample 9-M1) has fused fibers. Therefore, the  
thicker fibers in this mat have not resulted in the expected increase in pore size as the fusing of  
fibers causes the pore size area to decrease.   
 
From Figure 5.7, it can also be observed that the decreases in fiber diameter as a function of 
collector distance seen for the 2 mL/hr feed rate were not mirrored at the faster feed rate of 10 
mL/hr (samples 9-M4, 9-M5 and 9-M6), where all conditions gave statistically similar fiber 
diameters. Although unusually, despite similar fiber diameters for all mats electrospun at 10 mL/hr, 
statistically different average pore sizes were obtained such that increasing the collector distance 
from 10 to 20 cm (samples 9-M4 and 9-M6) and also from 15 to 20 cm (samples 9-M5 and 9-M6) 
resulted in larger pores. These mats all appear to have ideal characteristics with no fiber spreading 
at the points of connection, a narrow range of fiber thicknesses, no polymer beading etc. 
(Appendix(B) III), and so this unusual result is not from electrospinning non-ideal mats. However, 
an explanation for these observations is that as the collector distance is altered the polymer fibers 
are being spread over a larger area during deposition, thus creating a sparser mat. During this 
parameter space study the time for polymer deposition into a fibrous mat was kept relatively 
constant between the different conditions. Consequently, it is likely that the mats electrospun across 
greater distances were depositing onto a larger amount of the collector plate, resulting in mats with 
less polymer per unit of area, and thus overall larger pores than expected when imaged via SEM. 
Therefore, it is likely that the 9-M6 mat electrospun at 20 cm was generally being deposited onto a 
larger area of the collector plate compared to the shorter collector distances of both 10 and 15 cm, 
and hence the larger pores in this mat are most likely due to less polymer per unit area. 
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Figure 5.6. SEM images of electrospun 
P(TMC9-co-LLA91) copolymer mats at 
voltages of 17, 24 and 30 kV, a set 
collector distance of 15 cm and a 10 mL/hr 
feed rate; (a) and (b) sample 9-M9; (c) and 
(d) sample 9-M5; (e), (f) and (g) sample 9-
M10; (a), (c) and (e) denote a 1000 
magnification; (b), (d) and (f) denote a 
4000 magnification; (g) denotes a 500 
magnification.  
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Figure 5.7. Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for the mats 
processed from the P(TMC9-co-LLA91) copolymer with an electrospinning collector distance of 
either 10, 15 or 20 cm. The voltage was set at 24 kV for this experiment and the collector distance 
effects were investigated at a 2 mL/hr polymer feed rate as well as 10 mL/hr. The graph also 
displays the average fiber diameters (a) and pore sizes (b) of the mats electrospun at 2, 5, 10 and 20 
mL/hr polymer feed rates with the voltage set at 24 kV, and a collector distance of 15 cm. 
Measurements that are statistically different from one another are displayed with a horizontal line 
above them and a symbol which refers to the significance value for that particular comparison such 
that * p < 0.01 and ** p < 0.05. 
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Figure 5.8. SEM images of electrospun P(TMC9-co-LLA91) copolymer mats at collector distances 
of 10, 15 and 20 cm, a set voltage of 24 kV and a 2 mL/hr feed rate; (a) and (b) sample 9-M1; (c) 
and (d) sample 9-M2; (e) and (f) sample 9-M3; (a), (c) and (e) denote a 1000 magnification; (b), (d) 
and (f) denote a 4000 magnification. 
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In addition to observing changes in the morphological properties of these mats through altering the 
collector distance, Figure 5.7(a) also shows that increasing the feed rate of the polymer from 2 
mL/hr (sample 9-M2) to either 5, 10 or 20 mL/hr (samples 9-M11, 9-M5 and 9-M12, respectively) 
produces significantly thicker fibers. Consequently, as the fiber thicknesses increased, so did the 
average pore sizes in these mats (Figure 5.7(b)). This outcome is similar to that frequently reported 
in the literature and described in Section 5.1.1.1,6,23 The samples 9-M11, 9-M5 and 9-M12 which 
were electrospun at 5, 10 and 20 mL/hr, respectively, all have statistically similar fiber thicknesses 
ranging between 854 nm to 954 nm (Figure 5.7(a)). Despite similar fiber diameters, increases in the 
overall pore sizes for these mats were observed as the feed rate was increased (Figure 5.7(b)). The 
moderate feed rates of 5 mL/hr (9-M11) and 10 mL/hr (9-M5) produced mats with smaller average 
pore sizes than that of the faster 20 mL/hr (9-M12) feed rate (5.6 and 4.9 µm compared to 8.0 µm, 
respectively). SEM images of these mats are shown in Figure 5.9, which demonstrates the larger 
fiber diameters obtained with the 5, 10 and 20 mL/hr feed rates as compared to the slower 2 mL/hr 
feed rate. Furthermore, it can be seen that these mats possess larger average pore sizes as the feed 
rate is increased; 2 mL/hr compared to 5, 10 or 20 mL/hr, and also from either 5 or 10 mL/hr to 20 
mL/hr.  
 
As seen in Table 5.3 and Figure 5.7 there are significant increases in fiber diameter (530 to 858 nm) 
and pore sizes (3.9 to 4.9 µm) obtained when the feed rate was increased from 2 to 10 mL/hr during 
electrospinning at a 15 cm collector distance (samples 9-M2 and 9-M5). Likewise, this trend was 
strongly mirrored in the mats electrospun at both 10 and 20 cm. It can be seen in Table 5.3 and 
Figure 5.7 that when the feed rate was increased from 2 to 10 mL/hr at a 10 cm distance (samples 9- 
M1 and 9-M4), the fibers and pores went from 664 to 849 nm and 2.2 to 4.9 µm, respectively, and 
from 547 to 924 nm and 3.5 to 5.8 µm, respectively, at a 20 cm distance (samples 9-M3 and 9-M6). 
These increases are all statistically significant and images of these samples can be found in 
Appendix(B) IV. The statistically significant bars for these particular comparisons are not included 
in Figure 5.7 for simplicity.   
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Figure 5.9. SEM images of 
electrospun P(TMC9-co-LLA91) 
copolymer mats at feed rates of 2, 5, 
10 and 20 mL/hr, a set voltage of 24 
kV and a collector distance of 15 cm; 
(a) sample 9-M2; (b) sample 9-M11; 
(c) sample 9-M5; (d) sample 9-M12; 
all images taken at a 4000 
magnification. Note: The fiber going 
from bottom left to upper right in 
image (d) of sample 9-M12 is not an 
unusually thick fiber but rather two 
fibers that are intertwined. 
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5.3.2 P(TMC20-co-LLA80) Copolymer Electrospun Mats 
A parameter space investigation using the P(TMC20-co-LLA80) copolymer was undertaken. The 
same parameter combinations that were used for the P(TMC9-co-LLA91) copolymer were also used 
for the P(TMC20-co-LLA80) copolymer composition, as presented in Table 5.4. During this 
parameter space study the time for polymer deposition into a fibrous mat was kept relatively 
constant between the different conditions, with the exception of the 20-M1 and 20-M12 mats which 
were left for longer deposition times to obtain thicker mats for tensile mechanical testing. 
 
Table 5.4. Summary of the average fiber diameter and the average pore size of P(TMC20-co-LLA80) 
electrospun mats fabricated via different combinations of voltage, collector distance and feed rate.  
Sample Name Electrospinning Parameters    Morphological Properties 
 Voltage Collector 
Distance 
Feed Rate Fiber Diameter 
(±SE) 
Pore Size         
(±SE) 
 (kV) (cm)  (mL/hr)  (nm)  (nm)   
20-M1 24 10 2 2483 (43) 8357 (241) 
20-M2 24 15 2 2471 (43) 10654 (457) 
20-M3 24 20 2 2790 (45) 11754 (397) 
20-M6 24 20 10 4972 (87) 19780 (713) 
20-M7 17 15 2 2795 (35) 11861 (487) 
20-M8 30 15 2 2188 (68) 10372 (387) 
20-M11 24 15 5 3822 (85) 18606 (608) 
20-M12 24 15 20 5922 (122) 19807 (480) 
Note: SE refers to the Standard Error 
 
From the data displayed in Table 5.4, it is evident that changing the voltage, collector distance and 
the polymer feed rate parameters during processing does produce electrospun mats with differences 
in their morphological properties. Statistical analysis of this data was performed as shown in 
Appendix(B) V and VI. It can be seen that the parameter space investigated during electrospinning 
produced mats with fiber diameters between 2188 - 5922 nm, and pore sizes between 8.4 - 20.0 µm. 
During electrospinning of the P(TMC20-co-LLA80) copolymer, some of the parameter combinations 
either did not produce a fibrous mat (i.e. very wet polymer forming a film like layer on the collector 
plate) or produced highly fused mats as identified through SEM imaging. The conditions for which 
this occurred were across the voltages 17, 24 and 30 kV with a 15 cm collector distance and 10 
mL/hr feed rate, and also at 24 kV, 10 cm collector distance using 10 mL/hr. When the collector 
________________________________________________________________________________
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distance was set to 15 cm, all electrospinning performed at a faster feed rate of 10 mL/hr produced 
highly fused mats across all the voltages trialled (Appendix(B) VII). This result suggests that the 
polymer solution is not having sufficient solvent evaporation before reaching the collector plate and 
thus all of the fibers are highly connected upon deposition. In addition, for the 10 mL/hr feed rate, a 
shorter collector distance of 10 cm did not allow the solution to be electrospun into a fibrous mat. 
Unlike the non-ideal mats produced across all voltages trialled when using the faster 10 mL/hr feed 
rate and a 15 cm collector distance, a reduced feed rate of 2 mL/hr produced mats that appear to be 
close to ideal with little or no fiber spreading at the points of attachment, as identified through SEM 
imaging (Figure 5.10). The fiber diameters and pore sizes of these mats processed at various 
voltages (17, 24 and 30 kV), are graphically represented in the bar graphs shown in Figure 5.11.  
 
It can be seen that expected trends outlined in Section 5.1.1 were obtained with increases in the 
voltage consistently resulting in significantly thinner fibers. Increasing the voltage from 17 to 24 kV 
and then again from 24 to 30 kV resulted in a decrease in the average fiber diameter from 2795 nm 
to 2471 nm (samples 20-M7 and 20-M2) and then 2471 nm to 2188 nm (samples 20-M2 and 20-
M8), respectively. This trend was also reflected in the pore sizes of these mats; with mat 20-M8 
electrospun at 30 kV having statistically smaller pores than mat 20-M7 electrospun at only 17 kV. 
The trends seen in this data are consistent with the literature,6,7,12,17 which suggests the 
electrospinning of ideal mats across the three voltages tested.   
 
A graphical representation illustrating how the pore size and fiber diameter is affected by collector 
distance and feed rate is presented in Figure 5.12. It can be seen that the 2 mL/hr feed rate shows a 
significant increased fiber diameter as the collector distance is increased from either 10 or 15 cm 
(samples 20-M1 and 20-M2) to 20 cm (sample 20-M3). This trend contradicts what is expected for 
the electrospinning process.4-7,17,24,25 In general, when the collector distance is increased the 
polymer jet that originates from the Taylor Cone develops a higher degree of splitting and 
elongation before reaching the collector plate, and thus the fibers that are deposited onto the 
collector become thinner. 4-7,17,24,25 The SEM images of these mats all demonstrated relatively ideal 
characteristics (Figure 5.13), and so this unusual trend is not the result of producing non-ideal 
electrospun mats. During this parameter space study the applied voltage was kept constant at 24 kV 
as the collector distance was altered. This approach means that as the collector distance changes so 
does the overall ‘effective voltage’ that is applied to the polymer solution. The effective voltage is 
different to the applied voltage in that it is dependent on the deposition distance. The effective 
voltage for this study is defined by Equation 5.4.49 
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Figure 5.10. SEM images of electrospun P(TMC20-co-LLA80) copolymer mats at voltages of 17, 24 
and 30 kV, a set collector distance of 15 cm and a 2 mL/hr feed rate; (a) and (b) sample 20-M7; (c) 
and (d) sample 20-M2; (e) and (f) sample 20-M8; (a), (c) and (e) denote a 500 magnification; (b), 
(d) and (f) denote a 2000 magnification. 
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Figure 5.11. Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for the mats 
processed from the P(TMC20-co-LLA80) copolymer with an electrospinning voltage of either 17, 24 
or 30 kV. The collector distance was set at 15 cm for this experiment and the voltage effects were 
investigated at a 2 mL/hr polymer feed rate. Measurements that are statistically different from one 
another are displayed with a horizontal line above them and a symbol which refers to the 
significance value for that particular comparison such that * p < 0.01 and ** p ≤ 0.05. 
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𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑉𝑜𝑙𝑎𝑔𝑒 =  
𝐴𝑝𝑝𝑙𝑖𝑒𝑑 𝑉𝑜𝑙𝑡𝑎𝑔𝑒
𝐶𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
                              [Equation 5.4] 
 
Therefore, as the applied voltage was kept constant at 24 kV in this study, the overall effective 
voltage ranged from 2.4 kV/cm for the 10 cm collector distance, 1.6 kV/cm for the 15 cm collector 
distance, and down to 1.2 kV/hr for the 20 cm collector distance. This means that the electrical field  
utilised for the processing of this polymer solution into fibrous mats did not remain constant, and in 
fact, the polymer solution experienced generally lower electrical field forces as the collector 
distance was increased. As mentioned previously in Section 5.1.1, it is known that increasing the 
voltage during electrospinning most commonly results in smaller fiber diameters.6,7,12,17 Hence, in 
this parameter set there appears to be two different effects occurring simultaneously and in 
opposition to each other. That is that increases in the collector distance tends to reduce the fiber 
diameters, however at the same time the overall effective voltage is decreased due to the 24 kV 
applied voltage being spread across larger collector distances, which increases the fiber thickness.  
 
The observation that these mats produced larger average fiber diameters as the collector distance 
was increased, suggests that the effect of changing the effective voltage during electorspinning of 
the P(TMC20-co-LLA80) material is more influential over controlling the fibrous mat properties than 
compared to the collector distance (within the parameter space investigated). This theory is 
supported by the changes already seen in this polymer when it was electrospun across different 
voltages, whereby increasing the applied voltage from 17 to 24 kV (i.e. the effective voltage from 
1.1 to 1.6 kV/cm) and then again from 24 to 30 kV (i.e 1.6 to 2 kV/cm) resulted in a decrease in the 
average fiber diameter from 2795 nm to 2471 nm (samples 20-M7 and 20-M2) and then 2471 nm to 
2188 nm (samples 20-M2 and 20-M8), respectively. Consequently, as changing the voltage during 
elecrospinning has already been shown to influence the fiber diameter, it is not surprising that the 
voltage appears to be the more dominating parameter during elecrospinning over the collector 
distance, and thus the fiber diameter increases when the collector distance is increased.  
 
Examination of the pore sizes obtained for samples 20-M1, M2 and M3 in Figure 5.12(b), shows 
there is a statistical trend of obtaining larger average pore sizes as a function of increasing collector 
distance. As these mats have already shown an increased average fiber diameter (Figure 5.12(a)) for 
the 20 cm collector distance compared to 10 or 15 cm, it is not surprising that the largest pores are 
obtained using the 20 cm collector distance. However, despite the 10 and 15 cm collector distances 
producing statistically similar fibers, the average pore size for these mats is increased from 8.4 µm 
________________________________________________________________________________
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(sample 20-M1) to 10.7 µm (sample 20-M2), respectively. SEM imaging revealed that these mats 
are close to ideal (Figure 5.13), and so this result of producing increased pores as the distance is 
increased, must be attributed to the increase in deposition area. It has been reported that deposition 
over time can only increase the mat density (mass per unit area) of the mat, and therefore rapidly 
decrease the mean pore radius.30 Despite samples 20-M1 and M2 having similar fiber thicknesses, 
going from electrospinning at 10 cm up to 15 cm means that not only does the polymer spray have a 
larger distance to travel across before reaching the collector plate, but the radius of the spraying 
area becomes larger and thus the mat collected over the larger distance will in general be more 
sparse (i.e. have a lower deposition density). Therefore, when imaging with SEM there are less 
polymer strands in the mats with larger collector distances, which results in the distance between 
the fibers (essentially the pores) to be statistically larger.  
 
When electrospinning using the faster 10 mL/hr feed rate, a collector distance of 20 cm was 
required to produce a fibrous mat which was close to ideal possessing only minimal fiber spreading 
at the points of attachment (Figure 5.14). This result suggests that at the relatively fast feed rate of 
10 mL/hr, the extruded polymer solution is not having sufficient solvent evaporation when the 
collector plate is only 10 or 15 cm away from the needle tip. However, with the extra travelling 
distance offered with the 20 cm collector distance, more solvent is able to evaporate.  
 
In addition to observing changes in the morphology of these mats through altering the collector 
distance, Figure 5.12(a) also shows that increasing the feed rate of the polymer (2 mL/hr to either 5 
or 20 mL/hr, and also from 5 mL/hr to 20 mL/hr), produces significantly thicker fibers. 
Consequently, as the fiber thicknesses increased, so did the average pore sizes in these mats (Figure 
12(b)), as expected. On closer observation, it can be seen that for this P(TMC20-co-LLA80), despite 
having statistically different average fiber diameters between the 5 and 20 mL/hr feed rates (3822 
nm for sample 20-M11 to 5922 nm for sample M12, respectively), the resultant pore sizes are very 
similar and range between 18.6 to 19.8 µm, respectively. This result suggests that the 20-M11 mat 
electrospun at 5 mL/hr is sparser than the M12 mat electrospun at 20 mL/hr, making the average 
pore size measured from the SEM images larger than expected. The deposition time for the 20-M12 
mats was longer so that a sufficient thickness could be achieved for tensile mechanical testing. 
Considering this difference in deposition time between these two samples, it is likely that the 20-
M11 mat electrospun at 5 mL/hr is generally sparser when compared to the thicker 20-M12 mat, 
which may account for why the significantly thinner fibers from sample 20-M11 has a larger 
average pore size than expected. 
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Figure 5.12. Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for the mats 
processed from the P(TMC20-co-LLA80) copolymer with an electrospinning collector distance of 
either 10, 15 or 20 cm. The voltage was set at 24 kV for this experiment and the collector distance 
effects were investigated at a 2 mL/hr polymer feed rate as well as 10 mL/hr. The graph also 
displays the average fiber diameters (a) and pore sizes (b) of the mats electrospun at 2, 5, 10 and 20 
mL/hr polymer feed rates with the voltage set at 24 kV, and a collector distance of 15 cm. 
Measurements that are statistically different from one another are displayed with a horizontal line 
above them and a symbol which refers to the significance value for that particular comparison such 
that * p < 0.01. 
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Figure 5.13. SEM images of electrospun P(TMC20-co-LLA80) copolymer mats at collector 
distances of 10, 15 and 20 cm, a set voltage of 24 kV and a 2 mL/hr feed rate; (a) and (b) sample 
20-M1; (c) and (d) sample 20-M2; (e) and (f) sample 20-M3; (a), (c) and (e) denote a 500 
magnification; (b), (d) and (f) denote a 2000 magnification. 
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Figure 5.14. SEM images of electrospun P(TMC20-co-LLA80) copolymer mats at collector 
distances of 15 and 20 cm, a set voltage of 24 kV and a 10 mL/hr feed rate; (a) and (b) sample 20-
M5; (c) and (d) sample 20-M6; (a) and (c) denote a 500 magnification; (b) and (d) denote a 1000 
magnification. 
 
As seen in Table 5.4 and Figure 5.12 there are significant increases in fiber diameter and pore sizes 
obtained when the feed rate was increased from 2 mL/hr to either 5 or 20 mL/hr at a 15 cm collector 
distance (samples 20-M2, M11 and M12). SEM images of these mats are shown in Figure 5.15. 
Likewise, this trend was strongly mirrored in the mats electrospun at 20 cm. It can be seen in Table 
5.4 and Figure 5.12 that when the feed rate was increased from 2 to 10 mL/hr at a 20 cm distance, 
the fibers and pores went from 2790 to 4972 nm and 11.8 to 19.8 µm, respectively (samples 20-M3 
and M6). These increases are all statistically significant and images of these samples can be found 
in Appendix(B) VIII. The statistically significant bars for these particular comparisons were not 
included in Figure 5.12 for simplicity. 
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5.3.3 P(TMC32-co-LLA68) Copolymer Electrospun Mats 
A parameter space investigation was conducted using the P(TMC32-co-LLA68) copolymer. The 
same parameter combinations that were used for the P(TMC9-co-LLA91) and P(TMC20-co-LLA80) 
copolymers were also adopted for the P(TMC32-co-LLA68) copolymer composition, as presented in 
Table 5.5. During this parameter space study the time for polymer deposition into a fibrous mat was 
kept relatively constant between the different conditions, with the exception of the 32-M1 and 32-
M12 mats which were left for longer deposition times to obtain thicker mats for tensile mechanical 
testing. 
 
Similar to what was observed for the P(TMC9-co-LLA91) and P(TMC20-co-LLA80) copolymers, it is 
evident that changing the voltage, collector distance and the polymer feed rate parameters during 
processing does produce electrospun mats with differences in their morphological properties as seen 
from Table 5.5. Statistical analysis of this data was performed as shown in Appendix(B) IX and X. 
It can be seen that the parameter space investigated during electrospinning produced mats with fiber 
diameters between 1605 - 3599 nm, and pore sizes between 5.4 - 14.6 µm. During electrospinning 
of the P(TMC32-co-LLA68) copolymer, some of the parameter combinations (24 kV, 10 cm 
collector distance and 10 mL/hr feed rate) produced a highly fused mat as identified through SEM 
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Figure 5.15. SEM images of 
electrospun P(TMC20-co-LLA80) 
copolymer mats at feed rates of 2, 5 
and 20 mL/hr, a set voltage of 24 kV 
and a collector distance of 15 cm; (a) 
sample 20-M2; (b) 20-M11; (c) 
sample 20-M12; all images taken at 
a 1000 magnification
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imaging, and therefore this sample is not included in this study. The fiber diameters and pore sizes 
of the mats processed at various voltages (17, 24 and 30 kV) are graphically represented in bar 
graphs shown in Figure 5.16.  
 
Table 5.5. Summary of the average fiber diameter and the average pore size of P(TMC32-co-LLA68) 
electrospun mats fabricated via different combinations of voltage, collector distance and feed rate.  
Sample Name Electrospinning Parameters    Morphological Properties 
 Voltage Collector 
Distance 
Feed Rate Fiber Diameter 
(±SE) 
Pore Size         
(±SE) 
 (kV) (cm)  (mL/hr)  (nm)  (nm)   
32-M1 24 10 2 1717 (24) 5968 (136) 
32-M2 24 15 2 1749 (31) 6044 (218) 
32-M3 24 20 2 1799 (43) 6379 (200) 
32-M5 24 15 10 3003 (66) 11540 (592) 
32-M6 24 20 10 3035 (54) 14550 (523) 
32-M7 17 15 2 1862 (46) 9524 (358) 
32-M8 30 15 2 1605 (33) 5424 (229) 
32-M9 17 15 10 3588 (105) 12445 (524) 
32-M10 30 15 10 2824 (73) 10851 (470) 
32-M11 24 15 5 1617 (34) 6026 (292) 
32-M12 24 15 20 3599 (69) 13300 (366) 
Note: SE refers to the Standard Error 
 
It can be seen that expected trends were obtained with increases in the voltage consistently resulting 
in significantly thinner fibers. Increasing the voltage from 17 to 30 kV resulted in a statistically 
significant decrease in the average fiber diameter from 1862 nm to 1605 nm for the 2 mL/hr feed 
rate (samples 32-M7 and M8). This trend was also reflected in the pore sizes; with the pore sizes 
demonstrating a general trend of becoming smaller as the voltage was increased, such that the 
average pore sizes were found to decrease from 9.5 to 5.4 µm when the voltage was increased from 
17 to 30 kV (samples 32-M7 and M8). Likewise, for the mats produced at a feed rate of 10 mL/hr a 
similar trend was seen, as increasing the voltage from 17 to 30 kV also resulted in a statistical 
decrease in the average fiber diameter from 3588 nm to 2824 nm (samples 32-M9 and M10). These 
differences in fiber diameter however, were not large enough to cause any statistically different 
average pore sizes in these mats (Figure 5.16(b)). Despite the general trend of the average pore size 
becoming smaller as a function of increased voltage for the mats produced at a feed rate of 10 
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mL/hr, none of these average pore sizes were found to be statistically different and ranged between 
10.9 to 12.4 µm.  
 
 
 
 
Figure 5.16. Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for the mats 
processed from the P(TMC32-co-LLA68) copolymer with an electrospinning voltage of either 17, 24 
or 30 kV. The collector distance was set at 15 cm for this experiment and the voltage effects were 
investigated at a 2 mL/hr polymer feed rate as well as 10 mL/hr. Measurements that are statistically 
different from one another are displayed with a horizontal line above them and a symbol which  
refers to the significance value for that particular comparison such that * p < 0.01. 
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A graphical representation of the effect of varying the collector distance and polymer feed rate is 
presented in Figure 5.17 along with the statistically significant comparisons. It can be seen that the 
fibers produced using a 2 mL/hr feed rate show no significant change in the average fiber diameter 
for any of the mats electrospun at different collector distances (samples 32-M1, M2 and M3). As 
discussed in Section 5.1.1, the expected trend for the average fiber diameter in these mats is to 
decrease as a function of collector distance. The SEM images of these mats all demonstrated ideal 
characteristics (Figure 5.18). Therefore, the fact that the P(TMC32-co-LLA68) copolymer mats show 
no change in fiber thickness across all collector distances suggests that a duel and opposite effect of 
increased collector distance and decreased effective voltage causes no changes to be seen. Not 
surprisingly, when looking at the pore sizes obtained in Figure 5.17(b), these mats also showed 
statistically similar average pore sizes.  
 
When electrospinning using the faster 10 mL/hr feed rate, a collector distance of 15 or 20 cm was 
required to produce mats with no fiber fusing and minimal fiber spreading at the points of 
attachment (Figure 5.19). As described previously (Sections 5.3.1 and 5.3.2), this is likely due to 
the closer collector distance of 10 cm not allowing sufficient solvent evaporation before reaching 
the collector plate and thus a fused mat results (Appendix(B) XI), while the collector distances of 
15 and 20 cm do allow for adequate solvent evaporation.  
 
It can be seen from Figure 5.17 that mats produced at a 10 mL/hr feed rate are very similar with no 
statistical differences in fiber diameter (samples 32-M5 and M6), as was seen with the mats 
produced at a 2 mL/hr feed rate. However, despite having essentially the same fiber thicknesses, the 
average pore size at a 20 cm collector distance was measured to be larger at 14.6 µm (sample 32-
M6), compared to only 11.5 µm at 15 cm (sample 32-M5). This is attributed to imaging less 
polymer fibers per unit area as already discussed previously (i.e. sparser mat). Additionally, in 
Figure 5.19 it can be seen that the mat produced at the 15 cm collector distance has, in general, a 
greater degree of fiber spreading at the points of attachment than does the mat electrospun using 20 
cm. This observation further assists explaining the unusual result of obtaining a significantly larger 
average pore size for the mat produced using a 20 cm collector distance compared to 15 cm, despite 
both having statistically similar fiber thicknesses. Higher degrees of fiber spreading, as seen in the 
mat produced at a 15 cm collector distance, directly affects the pore size measurements in that 
greater fusion intuitively results in smaller pore sizes. Greater extents of fiber fusion is therefore 
another possibility which helps to explain why the average pore size in the mat electrospun at 15 cm 
(sample 32-M5) has been measured to be significantly smaller than the mat produced using a 20 cm 
(sample 32-M6) collector distance.  
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Figure 5.17. Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for the mats 
processed from the P(TMC32-co-LLA68) copolymer with an electrospinning collector distance of 
either 10, 15 or 20 cm. The voltage was set at 24 kV for this experiment and the collector distance 
effects were investigated at a 2 mL/hr polymer feed rate as well as 10 mL/hr. The graph also 
displays the average fiber diameters of the mats electrospun at 2, 5, 10 and 20 mL/hr polymer feed 
rates with the voltage set at 24 kV, and a collector distance of 15 cm. Measurements that are 
statistically different from one another are displayed with a horizontal line above them and a 
symbol which refers to the significance value for that particular comparison such that * p < 0.01 
and ** p < 0.05.                                                                                                                                                  
0
500
1000
1500
2000
2500
3000
3500
4000
F
ib
re
 D
ia
m
e
te
r 
(n
m
)
Feed Rate (mL/hr)
10cm
15cm
2
**
*
*
*
2 5 10 20
20cm
Collector 
Distance
(a) *
*
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
P
o
re
 S
iz
e
 (
n
m
)
Feed Rate (mL/hr)
10cm
15cm
2
*
*
*
2 5 10 20
20cm
Collector 
Distance
(b) *
*
*
163 
 
 
Figure 5.18. SEM images of electrospun P(TMC32-co-LLA68) copolymer mats at collector 
distances of 10, 15 and 20 cm, a set voltage of 24 kV and a 2 mL/hr feed rate; (a) and (b) sample 
32-M1; (c) and (d) sample 32-M2; (e) and (f) sample 32-M3; (a), (c) and (e) denote a 500 
magnification; (b), (d) and (f) denote a 2000 magnification. 
 
The effect of feed rate on the average fiber diameter can be observed in Figure 5.17(a). It can be 
seen that the fiber thickness tends to increase as the feed rate is increased. This result is as expected 
(Section 5.1.1). Consequently, as the fiber thicknesses increased, so did the average pore sizes in 
these mats (Figure 5.17(b)). On closer observation, this trend is not seen between the slower feed 
rates of 2 and 5 mL/hr (samples 32-M2 and M11) which both had somewhat similar fibers of 1749 
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and 1617 nm in thickness, and similar average pore sizes of 6044 and 6026 nm, respectively. This 
result suggests that for the P(TMC32-co-LLA68) copolymer, the feed rate does affect the 
morphology of the electrospun mats such that thicker fibers and larger pores are produced when the 
feed rate is increased from slow (between 2 to 5 mL/hr), to moderate (10 mL/hr), to fast (20 mL/hr). 
SEM images of these mats are shown in Figure 5.20.          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
The trend of obtaining thicker fibers and larger average pore sizes as a function of polymer feed rate 
is strongly mirrored in the mats electrospun at 20 cm. It can be seen in Table 5.5 and Figure 5.17 
that when the feed rate was increased from 2 to 10 mL/hr at a 20 cm distance, the fibers and pores 
went from 1799 to 3035 nm and 6.4 to 14.6 µm, respectively (samples 32-M3 and M6). These 
increases are all statistically significant and images of these samples can be found in Appendix(B) 
XII. The statistically significant bars for these particular comparisons were not included in Figure 
5.17 for simplicity.   
 
 
Figure 5.19. SEM images of electrospun P(TMC32-co-LLA68) copolymer mats at collector 
distances of 15 and 20 cm, a set voltage of 24 kV and a 10 mL/hr feed rate; (a) and (b) sample 32-
M5; (c) and (d) sample 32-M6; (a) and (c) denote a 1000 magnification; (b) and (d) denote a 2000 
magnification. 
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Figure 5.20. SEM images of 
electrospun P(TMC32-co-LLA68) 
copolymer mats at feed rates of 2, 5, 
10 and 20 mL/hr, a set voltage of 24 
kV and a collector distance of 15 cm; 
(a) sample 32-M2; (b) 32-M11; (c) 
sample 32-M5; (d) sample 32-M12; 
all images taken at a 2000 
magnification
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5.3.4 GPC and DSC Analysis of Electrospun Mats 
To investigate the processing effects that electrospinning has on these copolymers, GPC and DSC 
analysis were performed on the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) copolymer mats. 
Two different mats from each copolymer were analysed, specifically the mats M1 and M12. The 
M1 mats were processed using 24 kV at a 10 cm collector distance and 2 mL/hr feed rate, while the 
M12 mats were processed using 24 kV at a 15 cm collector distance and 20 mL/hr feed rate. GPC 
analysis confirmed that there was no change in the average molecular weight between the bulk 
copolymer and electrospun mats for each P(TMC-co-LLA) copolymer. The molecular weight of the 
electrospun mats showed a decreasing trend with increased TMC content, as was seen in Chapter 4, 
such that the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) mats had average molecular weights of 
54 and 45 kg/mol, respectively. The unchanged molecular weight post processing suggests that 
these materials were not degraded to any significant extent by the electrospinning process, within 
the capabilities of GPC analysis.  
 
Table 5.6 shows the thermal properties of the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) 
copolymers in their bulk form with the history of the precipitation process removed (2nd heating 
cycle), as compared to the processed electrospun M1 and M12 mats; with processing history (1st 
heating cycle) and without the processing history (2nd heating cycle). The corresponding DSC 
thermogram traces are presented in Figures 5.21 and 5.22 for the P(TMC20-co-LLA80) and 
P(TMC32-co-LLA68) copolymers, respectively.  
 
Table 5.6. Summary of results obtained from DSC analysis for the P(TMC20-co-LLA80) and 
P(TMC32-co-LLA68) copolymers in the bulk form and after electrospinning into fibrous mats. 
Copolymer 
Composition 
Thermal 
Properties 
Bulk 
Material 
Electrospun Mats  
(mol %)   M1 a M1 M12 a M12 
P(TMC20-co-LLA80) Tg (˚C) 42.7 50.6 44.5 52.8 46.2 
 Tc (˚C) - 91.8 - 93.1 - 
 Tm (˚C) 143.6, 158.4 160.6 144.7, 160.1 159.0 144.2, 159.2 
 ωc (%) 29.3 7.2 26.1 7.7 30.5 
P(TMC32-co-LLA68) Tg (˚C) 36.6 36.6 35.2 38.1 33.3 
 Tc (˚C) - 100.6 - 94.9 - 
 Tm (˚C) 151.9 152.7 151.9 149.8 150.1 
 ωc (%) 13.6 2.4 11.7 2.7 13.6 
All DSC values were obtained from the 2nd heating cycle, unless otherwise stated 
a; values were obtained from the 1st heating cycle of the DSC thermogram; (-) = not detected. 
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Figure 5.21. DSC theromgrams of the P(TMC20-co-LLA80) material in bulk form versus 
electrospun mat form; (1) and (2) refer to the first and second heating scan, respectively; a and b 
denote mats M1 and M12, respectively. 
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Figure 5.22. DSC theromgrams of the P(TMC32-co-LLA68) material in bulk form versus 
electrospun mat form; (1) and (2) refer to the first and second heating scan, respectively; a and b 
denote mats M1 and M12, respectively. 
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In the first heating cycle, comparing the results obtained for the M1 and M12 mats in Table 5.6, 
shows that the thermal properties are relatively constant, within the capabilities to DSC analysis, 
despite the mats being processed from different electrospinning parameters. Furthermore, this trend 
is seen across both copolymer compositions and when comparing the thermal properties of the M1 
and M12 mats from their second heating cycle, Table 5.6 and Figures 5.21 and 5.22. This result 
suggests that the thermal properties of these materials are not significantly affected by changes in 
the specific parameter combinations applied during electrospinning, within the parameter space 
investigated.  
 
Table 5.6 and Figures 5.21 and 5.22 show that the crystallinity content changes between the bulk 
form of each material as compared to the electrospun mats. The first heating cycle of the mats 
shows a cold crystallisation peak at around 92 °C for the P(TMC20-co-LLA80) mats and around 97 
°C for the P(TMC32-co-LLA68) mats. This result indicates that the polymer chains within these mats 
are becoming more ordered and forming crystalline regions at these temperatures within the 
polymer network. For the P(TMC20-co-LLA80) material, the cold crystallisation exotherm has a ΔHc 
value of approximately 18 J/g for both the 20 S1 and S12 mats, which is followed by the melting 
endotherm at around 160 °C which has a ΔHm of approximately 25 J/g. Hence, these mats 
inherently contained only 7 % crystallinity before being heated during the DSC scan, which then 
increased to roughly 28 % through the cold crystallisation process. Like-wise, the P(TMC32-co-
LLA68) mats had a cold crystallisation exotherm ΔHc of roughly 9 J/g which was followed by a 
ΔHm corresponding to 11 J/g. These mats inherently contained less than 3 % crystallinity before 
undergoing heating during the DSC scan, which increased to roughly 13 % through the cold 
crystallisation process. 
 
The fact the inherent crystallinity is significantly lower in the electrospun mats than that of the 
starting material, suggests that the polymer chains within the mats were hindered from forming 
crystalline regions. This finding is in line with previous work conducted by Buchko et al. and Koski 
et al. who also found a decreased crystallinity content within a given material post 
electrospinning.17,26 In addition, Mukherjee at al. electrospun a commercially available P(TMC30-
co-LLA70) copolymer and DSC analysis revelled a cold crystallisation exotherm ΔHc followed by a 
melting endotherm ΔHm of exactly the same entity (i.e. ΔHc = ΔHm), thus indicating that completely 
amorphous P(TMC30-co-LLA70) mats are fabricated through the electrospinning process.
48 
However, other researchers, namely Jia et al. and Reneker et al. have conversely reported improved 
chain alignment and increased crystallinity with electrospinning.7,5 Furthermore, Wang and Huang 
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et al. electrospun P(TMC-LLA-εCL) triblock copolymers of various molar ratios and also found 
that the crystallinity increased after electrospinning these materials.50,51 During the electrospinning 
process, the polymer is subjected to high elongational flow towards the grounded collector which 
assists in creating order among the polymer chains, however, simultaneously the solvent is quickly 
evaporating, such that rapid solidification of the fibers can occur which inhibits crystallization. 
Intuitively, the overall effect electrospinning has upon the inherent crystallinity within a given 
sample, would thus strongly depend on the evaporation rate of the solvent system utilised in each 
individual electrospinning experiment. The results of this experiment confirm that the crystallinity 
of the mats has been inhibited, suggesting that polymer chains, within both compositions, did not 
have time to fully arrange into an ordered crystalline structure before drying. This result correlates 
with the solvent mixture used which contained 90 % of the highly volatile solvent CHCl3, which 
has a low boiling point of 61 °C. Furthermore, the P(TMC-LLA-εCL) triblock copolymers 
electrospun by Wang and Huang et al. used dimethyl formamide (DMF) and dichlromethane 
(DCM) as the solvent system in a 40/60 DMF:DCM ratio. Thus, the result of having increased 
crystallinity after electrospinning these materials correlates well with the solvent mixture used 
which contained 40 % of the slower evaporating solvent DMF, which has a high boiling point of 
153 °C.50,51  
 
In addition, Table 5.6 and Figures 5.21 and 5.22 show that the second DSC scan of the electrospun 
mats has no cold crystallisation occurring. The lack of the cold crystallisation exotherm in the 
second heating scan suggests that the conditions under which the samples were solidified during 
DSC analysis (i.e. cooling rate of 10 °C/min) was sufficiently slow to allow the cooling polymer 
chains to organise and form crystalline regions within the polymer network. It is also noted that 
when the different heating cycles for all copolymer samples are compared, the second heating cycle 
consistently shows a crystalline region that melts at a lower temperature, which is not seen in the 
first heating cycles. This suggest that the cooling rate of 10 °C/min is conducive to forming an 
additional crystalline region, with a Tm at approximately 144 ˚C and 136 ˚C for the P(TMC20-co-
LLA80) and P(TMC32-co-LLA68) materials, respectively, that is distinctly different to the crystalline 
regions normally seen in these materials that melt at around 160 ˚C and 151 ˚C, respectively.  
 
Lastly, it can be seen from Table 5.6, that when comparing the data from the first heating cycle to 
the second heating cycle for each mat individually, across both copolymer compositions, there is a 
detectable shift in the glass transition temperature. The difference in the glass transition temperature 
is up to 7 °C in the P(TMC20-co-LLA80) mats, and up to 5 °C in the P(TMC32-co-LLA68) mats. 
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Looking at the corresponding DSC traces in Figures 5.21 and 5.22, it can be seen that the glass 
transition displays an obvious endothermic peak, in addition to the usual step-wise change in the 
specific heat capacity, in the first heating cycles of the electrospun mats. This endothermic peak at 
the glass transition temperature (i.e. recovery peak) is characteristic of polymer chain relaxation, 
otherwise known as physical aging, taking place when the polymer is still in its glassy state, 
towards equilibrium.52-54 Previous research conducted by Agarwal et al. has seen similar behaviour 
in P(TMC-co-LLA) materials and has reported that the rapid structure formation connected with 
electrospinning can give rise to strong deviations of the thermodynamic state from equilibrium.52 
Within this study, no such characteristic was seen in any of the previous DSC spectra of these 
P(TMC-co-LLA) materials, in bulk form and as solvent cast films (Chapter 4), which suggests that 
processing these materials via electrospinning has a greater effect on their resultant thermal 
properties, as compared to simply precipitating them from methanol or solvent casting them into 
films. Despite electrospinning causing strong deviations from the thermodynamic state from 
equilibrium, the second heating scan of the electrospun mats is almost identical to that of the bulk 
copolymer from which it was made, Figures 5.21 and 5.22. The fact that no detectable changes in 
the thermal properties of the samples is seen post processing, via DSC analysis, implies that these 
materials undergo no irreversible thermal changes through the electrospinning technique, within the 
capabilities of DSC analysis.   
 
5.3.5 P(TMC-co-LLA) Composition Effects on Electrospun Fiber Mat Morphology 
The effect of P(TMC-co-LLA) copolymer composition on the morphology of the mats can be 
ascertained by comparing the samples electrospun across the different parameter combinations, 
(from sections 5.3.1, 5.3.2 and 5.2.3), where the composition varies between 9 to 32 mol% TMC 
incorporation. Only the mats that are considered ideal, as identified via SEM imaging in the 
previous sections have been included. The mats that were found to be non-ideal, and thus are not 
included in the data analysis in this section are as follows; 9- M1, M7, M8, M9 and M10; 20- M4, 
M5, M9 and M10; 32- M4.  
 
The differences in the average fiber diameter of the mats processed across various voltages, 
collector distances and feed rates are graphically represented in the scatter plot shown in Figure 
5.23 as a function of P(TMC-co-LLA) copolymer composition. All fiber diameter data was 
normalised against the P(TMC9-co-LLA91) copolymer (data shown in Table 5.7), and only 
conditions that gave a complete data set across all compositions were utilised.  
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Table 5.7. Summary of the average fiber diameters and normalised fiber diameters of the 
electrospun P(TMC-co-LLA) mats. 
Composition 
(mol% TMC) 
Average Fiber Diameters             
(nm) 
Normalized Fiber Diameters against 
9 mol% Copolymer 
 M2a M3b M6c M11d M12e M2a M3b M6c M11d M12e 
9.0 530 547 924 854 954 1.00 1.00 1.00 1.00 1.00 
19.5 2471 2790 4972 3822 5922 4.66 5.10 5.38 4.48 6.21 
32.5 1749 1799 3035 1617 3599 3.30 3.29 3.28 1.89 3.77 
Electrospinning conditions were 24 kV with; a: 15 cm & 2 mL/hr, b: 20 cm & 2 mL/hr, c: 20 cm & 
10 mL/hr, d: 15 cm & 5 mL/hr, e: 15 cm & 20 mL/hr. 
 
 
Figure 5.23. Scatter plot of the normalised average fiber diameters from Table 5.7. 
 
Figure 5.23 shows the normalised average fiber diameters of electrospun mats across different 
parameter combinations of voltage, collector distance and feed rate as a function of the copolymer 
composition. It should be noted that all the average fiber diameters measured for the mats produced 
from the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) materials are normalised against the 
P(TMC9-co-LLA91) copolymer fiber diameters, and thus, all data for the P(TMC9-co-LLA91) 
material has a value of 1.00. In addition, the normalised average fiber diameters for M2, M3 and 
M6 for the P(TMC20-co-LLA80) material are very similar at 3.30, 3.29 and 3.28, respectively, and 
thus overlap on the scatter plot, Figure 5.23. It is evident from Figure 5.23, that there is a consistent 
trend of the P(TMC9-co-LLA91) material producing fibers with average fiber diameter that are 
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significantly smaller than those of the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) copolymers 
processed under the same electrospinning conditions. This trend suggests that incorporating higher 
amounts of TMC into the P(TMC-co-LLA) copolymers, allows for the processing of mats with 
thicker fibers to be obtained through the electrospinning process, within the parameter space 
studied. Furthermore, comparing the two copolymers that contained higher incorporation of TMC, 
it can be seen that the P(TMC20-co-LLA80) material produced mats that had thicker fibers across all 
parameter combinations compared to the P(TMC32-co-LLA68) copolymer. This result suggests that 
there is more to consider than the composition alone when tailoring the morphological properties of 
these P(TMC-co-LLA) materials. These trends seen in the fiber diameter were also mirrored in the 
average pore size of these mats, Appendix(B) XIII.   
 
The finding that the P(TMC9-co-LLA91), P(TMC20-co-LLA80) and P(TMC32-co-LLA68) materials 
have significantly different fiber thicknesses and pore sizes, despite being processed under the same 
electrospinning conditions, suggests that there must be inherent differences between these 
copolymers that influence the electrospinning process, and as such, create differences in the 
morphological characteristics of these mats. Figure 5.23 clearly shows that the P(TMC9-co-LLA91) 
copolymer consistently has the thinnest fiber diameters. The P(TMC20-co-LLA80) and P(TMC32-co-
LLA68) mats had fiber thicknesses that were generally 3 to 5 times larger than those of the P(TMC9-
co-LLA91) mats, processed under the same elecrospinning conditions. This result suggests that there 
must be some properties inherent to the P(TMC9-co-LLA91) material that are promoting thinner 
fibers to be electrospun, as compared to the copolymers with higher TMC incorporation. Intuitively, 
the P(TMC9-co-LLA91) material must be experiencing a more extensive elongation and thinning of 
the polymer jet during its trajectory towards the collection plate.  
 
The molecular weight of this P(TMC9-co-LLA91) material was found to be 67 kg/mol, which was 
reasonably higher than the molecular weights of the other two copolymers. As all copolymers were 
made to a constant solution concentration of 25 wt%, it is predicted that greater degrees of chain 
entanglement would be present within the higher molecular weight P(TMC9-co-LLA91) solution, 
and thus have a higher viscosity, as compared to the lower molecular weight P(TMC20-co-LLA80) 
and P(TMC32-co-LLA68) materials. However, if this were the case, the P(TMC9-co-LLA91) mats 
would possess the largest fibers and pores, as increased viscosity is known to increase these 
properties in electrospun mats, Table 5.1, Section 5 1.1. Therefore, it is theorized that additional 
solution interactions, other than chain entanglement, are present within the P(TMC9-co-LLA91) 
solution that is causing the viscosity of this solution to be less viscous than one would predict based 
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on molecular weight alone, and/or, there are other factors separate from the solution viscosity, that 
are greatly influencing the electrospinning of this P(TMC9-co-LLA91) material that is responsible 
for the reduction in fiber diameter and pore size of these mats. 
 
The P(TMC9-co-LLA91) copolymer is essentially similar to PLLA with very long LLA blocks due 
to the low TMC incorporation. The P(TMC20-co-LLA80) and P(TMC32-co-LLA68) copolymers have 
more TMC incorporation and have average PLLA block lengths of 13.9 and 6.6, respectively, as 
measured by NMR. If the CHCl3/DMF solvent system used is a better solvent for PLLA compared 
to PTMC, it is possible, therefore, that the copolymer with low TMC content, which is essentially 
very similar to PLLA, is interacting with the 90/10 CHCl3/DMF solvent mixture to give a certain 
overall solution viscosity, which is greatly affected when the PLLA block lengths become shorter 
and the PTMC content is increased. Furthermore, it was verified through DSC analysis, that the 
P(TMC9-co-LLA91) bulk material has a higher degree of crystallinity, as compared to the other two 
copolymers, which may have an effect on the solution properties and/or the polymer jet such that 
thinner fibers are collected. 
 
Another possibility is that PLLA may be more electrically conductive than PTMC, and thus the 
P(TMC9-co-LLA91) material underwent greater jet splaying during electrospinning, producing much 
thinner fibers as compared to the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) copolymers. Also, 
if PLLA has a weaker interaction with the 90/10 CHCl3/DMF solvent system, as compared to 
PTMC, the P(TMC9-co-LLA91) copolymer may experience accelerated solvent evaporation during 
spinning, and thus result in much thinner fibers to be collected, as compared to the P(TMC20-co-
LLA80) and P(TMC32-co-LLA68) copolymers.  
 
It was identified that of the two copolymers that contained higher TMC incorporation, the 
P(TMC20-co-LLA80) material consistently produced mats that had thicker fibers across all 
parameter combinations, Figure 5.23. As confirmed through GPC analysis, it is theorised that this 
result is likely due to the viscosity differences between these copolymer solutions, as the P(TMC20-
co-LLA80) copolymer was identified to have an average molecular weight that was approximately 
10,000 g/mol higher than that of the P(TMC32-co-LLA68)  copolymer. Theoretically, this difference 
in molecular weight increases the chain entanglements present in the P(TMC20-co-LLA80) 
copolymer solution, thus creating a more viscous solution which is known to result in thicker fibers 
through the electrospinning process.14,55 This reasoning is further supported by the differences seen 
in the solvent evaporation rates between these two copolymers during electrospinning. It was found 
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that the P(TMC20-co-LLA80) copolymer had fused fibers for all mats electrospun at a 10 mL/hr feed 
rate and a collector distance of 15 cm, Section 5.1.2, while the P(TMC32-co-LLA68) material 
produced ideal mats without fiber fusion under the same electrospinning conditions, Section 5.1.3. 
This result suggests P(TMC20-co-LLA80) solution is more viscous than the P(TMC32-co-LLA68) 
solution, and experiences less solvent evaporation before reaching the collector plate, and thus 
wetter fibers are deposited. This trend has been seen previously in the literature where at a constant 
solution concentration, as the molecular weight of the polymer is increased the solution viscosity 
increases, and the rate of solvent evaporation from the highly viscous solution may be reduced as 
the molecular weight is increased. By contrast, the rate of solvent evaporation is relatively high at 
low molecular weight and the fibers are essentially dry before reaching the collector.26 
 
Another explanation for the significantly different fiber thicknesses and pore sizes between the 
P(TMC20-co-LLA80) and P(TMC32-co-LLA68) copolymers, may lie in their inherently different 
degrees of elasticity. The P(TMC32-co-LLA68) copolymer has a higher degree of elasticity, 
introduced from the TMC properties, and thus it is theorized that during the electrospinning process, 
this copolymer jet undergoes more extensive elongational stretching and thinning under a given set 
of parameters as compared to the less elastic P(TMC20-co-LLA80) copolymer, and thus was being 
deposited onto the collector plate in a more stretched manner. This was very evident when the 
P(TMC32-co-LLA68) mats were removed from the collector plate, as they all tended to reduce in 
size. This observation supports the theory that the decreased fiber diameter and pore size of the 
P(TMC32-co-LLA68) copolymer may be due to the higher elastic properties inherent within this 
material.  
 
5.3.5.1   Pore Size and Fiber Diameter Interdependence  
As mentioned in Section 5.1.2, the pore size and fiber diameter are interrelated. Therefore, 
not surprisingly, when plotting the fiber diameter versus the corresponding pore size for each 
electrospun mat in this study, Figure 5.24, there was a strong interdependence between the two, R2 
= 0.91. This is seen across all material compositions and parameter combinations used, as in 
agreement with previous electrospinning modelling by Eichhorn et al.30 The interdependence 
between the fiber diameter and pore size for these P(TMC-co-LLA) materials, within the parameter 
space investigated, was found to be related through Equation 5.5. 
 
Pore Size (μm) = 3.17 × Fiber Diameter (μm) + 2.01 (μm)                  [Equation 5.5] 
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Figure 5.24. Scatter plot of the average fiber diameter and corresponding average pore size 
obtained for each electrospun mat. This included mats from 3 different P(TMC-co-LLA) 
compositions and up to 12 different parameter combinations, data from Table 5.1, 5.2 and 5.3.  
 
5.3.6 Mechanical Tensile Testing 
The P(TMC20-co-LLA80) and P(TMC32-co-LLA68) copolymers were selected for mechanical tensile 
testing. Specifically, as previously mentioned in Section 5.3.2 and 5.3.3, the mats used for 
mechanical tensile testing were 20-M1 and 32-M1 which were electrospun at 24 kV, 10 cm and 2 
mL/hr, and samples 20-M12 and 32-M12 which were electrospun at 24 kV, 15 cm and 20 mL/hr. 
These mats were chosen based on their morphology which are summarised in Table 5.8, together 
with the measured porosities of these mats.  
 
It was identified that ideally the mat thickness should be constant and of a reasonable thickness for 
the mechanical testing of all samples. To achieve this, it was important to keep the amount of 
polymer being extruded and deposited onto the collector plate constant across all samples. This 
involved, initially electrospinning one mat at the slower 2 mL/hr feed rate and leaving it for a 
sufficient length of time so that the final mat produced appeared to be adequate for testing. This 
deposition time was recorded and then adjusted for the mats electrospun at the faster 20 mL/hr feed 
rate, so that the quantity of polymer solution being extruded was kept constant for all mats.  It was  
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Table 5.8. Summary of the average fiber diameter and pore size with standard error of the mean 
and porosities with standard deviations of the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) 
electrospun mats along with their average tensile mechanical properties with standard deviation. 
Sample 
Name 
Fiber 
Diameter  
Pore  
Size          
Porosity           Thickness E σmax   εbreak  Toughness 
 (nm)  (µm)    (%)   (µm) (MPa)   (MPa) (%) (mJ/mm3) 
20-M1 c 2483 (43) 8.4 (0.2) 79 (2) 66 (14) 67 (20) 2.8 (0.9) 27 (8) 0.7 (0.4) 
20-M12 b 5922 (122) 19.8 (0.5) 71 (3) 98 (19) 120 (35) 5.1 (0.8) 19 (8) 0.7 (0.4) 
32-M1 b 1717 (20) 6.0 (1.4) 81 (3) 109 (31) 90 (9) 3.6 (0.5) 92 (37) 3.1 (1.3) 
32-M12 a 3599 (69) 13.3 (0.4) 57 (2) 95 (29) 192 (70) 5.4 (2.0) 103 (50) 5.4 (4.0) 
Number of repeats for tensile mechanical testing: a = 4, b = 6, c = 7 
 
obvious during electrospinning, however, that the parameter combination chosen to produce the 
larger pores (samples, 20-M12 and 32-M12) were generally being deposited onto a larger area of 
the collector plate. This was likely due to the fact that these mats were being spun at a larger 
collector distance of 15 cm, as compared to only 10 cm for the 20-M1 and 32-M1 mats. Therefore, 
the protocol was adjusted for the mats to have constant mat thickness across different mat surface 
areas. To do this the approximate deposition density of the M1 electrospun mats was calculated 
using Equation 5.6. 
𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 (
𝑚𝐿
𝑐𝑚2
) =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐸𝑥𝑡𝑟𝑢𝑑𝑒𝑑 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑚𝐿)
𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑀𝑎𝑡 (𝑐𝑚2)
    [Equation 5.6. ] 
 
The approximate deposition density was thereby kept relatively constant for all mats. 
 
Tensile measurements on the mats were performed (n = 4 - 7) under dry conditions. A summary of 
the results are displayed in Table 5.8 and the stress-stain plots obtained for the repeats of each mat 
are shown in Appendix(B) XIV. It can be seen from the standard deviation values in Table 5.8 and 
the multiple repeats of each mat in Appendix(B) XIV, that there is relatively high sample 
variability. This suggests that the samples have non-homogeneous porosity. As the fibers produced 
through electrospinning are laid down in a random manner onto the collector plate, it is difficult to 
produce mats with an even thickness over the entire surface area, and it is expected that the local 
coverage would vary from region to region.30 This variation in mat thickness from one area of an 
electrospun mat to another, is evident by the large standard deviations in mat thickness (between 19 
- 31 %) seen within samples cut from the same mat and/or from mats electrospun under the exact 
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same conditions, Table 5.8. Within an electrospun mat, the thinner sections have lower deposition 
density and thus are in general more porous, which is predicted to decrease the mechanical 
properties, as mentioned previously in Section 5.2.1. A significant decrease in the mechanical 
properties of these mats was found in thin samples (≤ 55 µm thickness) and/or samples that were 
measured to have large variation in the thickness measured across the sample area (i.e. large 
standard deviation in average thickness across the sample as measured in a minimum of three 
different areas before mechanical testing), data not shown. Therefore, it is theorised that the large 
sample variation seen in the mechanical properties between replicates is a result of the non-
homogenous porosity between replicate samples and/or throughout an individual sample. 
 
 
 
Figure 5.25. Representative stress-strain curve for each mechanically tested electrospun mat. 
 
The most representative stress-strain curve from each electrospun mat, from Appendix(B) XIV, has 
been overlaid onto a single plot, Figure 5.25. However, it should be noted that the 32-M12 mat used 
to represent the average tensile mechanical response is somewhat misleading as it shows a large 
final strain of 150 % which is more exaggerated than the average of 103 % calculated from all 
repeats combined. Looking at Table 5.8 and Figure 5.25, it can be seen that for a given material 
composition, there is a general trend to obtain different mechanical properties with the thicker 
fibers, larger pores and lower porosity mats, M12, as compared to the thinner fiber, smaller pore 
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size and higher porosity M1 mats. In general, the less porous M12 mats, on average, were stiffer 
and were able to withstand a larger load before being irreversibly deformed, (E and σmax, 
respectively), as compared to the M1 mats. This is an intuitive result, as it is expected for the elastic 
modulus and σmax to decrease as a function of increased porosity. However, the remaining 
mechanical properties including the ductility and toughness, did not significantly change for a given 
composition between the M1 and M12 mats, despite their inherently different fiber thickness, pore 
size and porosity. Conversely, Thomas et al. found that thinner fibers produced during 
electorspinning generally showed increased E and σmax values as compared to thicker fibers.14 It 
was reasoned that as the fiber diameter decreases the draw ratio generally increases and forces 
alignment of the amorphous molecules and, possibly, the polymer crystals. Thus, the smaller the 
fiber diameter of the scaffolds, the higher the E and σmax values due to this size effect.14 However, 
from DSC analysis of the electrospun mats in this study, Table 5.6, the crystallinity did not change 
between the mats of the same composition but with significantly different fiber diameters. The 
publication by Thomas et al.14 showed increased porosity with increased fiber diameter which is not 
in line with literature as it is understood that these two properties are inversely related, Section 
5.1.1.30 Thus, the fact that Thomas et al. reports enhanced tensile properties as a function of reduced 
fiber diameters, is more likely dominated by porosity effects. In addition, it has been reported that 
the tensile properties of electrospun mats depends upon the combination of single fiber features, 
fiber arrangement throughout the mat and on the presence or lack of ‘fiber-fusion’ at the contact 
sites.48 Furthermore, ‘fiber-fusion’ at the contact sites remarkably increase the elastic modulus.48 
Figure 5.26 shows high magnification SEM images of the electorpsun mats 20-M1, 20-M12, 32-M1 
and 32-M12 which correspond to the mechanical properties in Table 5.8 and the stress-strain curves 
in Figure 5.25. The 32-M12 mat shows higher degrees of fiber fusion throughout the mat as 
compared to the other samples, Figure 5.26, which is in line with the lower porosity of 57 % 
measured for this mat as well as the exceptionally high elastic modulus these mats exhibited of 192 
MPa, Table 5.8.  
 
Comparing the effect the copolymer composition has on the mechanical properties of these mats is 
more challenging, as the characteristics of the mats vary, Table 5.8. However, it is possible to 
compare the mats that are morphologically the most similar with different composition; that is 
comparing samples 20-M1 and 32-M1 which have thin fibers between 1.7 - 2.5 µm, small pores 
between 6.0 - 8.4 µm and high porosity 79 - 81 %, and comparing samples 20-M12 and 32-M12 
which have thick fibers between 3.6 - 5.9 µm, large pores between 13.3 - 19.8 µm and low to 
moderate porosity 57 - 71 %. Comparing these morphologically similar mats with different 
180 
 
composition, it can be seen that the extent of elongation is greatly affected, as would be expected 
and previously demonstrated in Chapter 4 in 2D films, with increased incorporation of TMC 
increasing the ductility of the material. Comparing the M1 mats made from P(TMC20-co-LLA80) 
versus P(TMC32-co-LLA68), the elongation increases from 27 % to 92 %, Table 5.8 and Figure 5.25. 
Like-wise, the M12 mats show an increase from 19 % to 103 % when elecrospun from the 
copolymer containing more TMC. The toughness also appears to be composition dependent with 
the P(TMC32-co-LLA68) mats displaying significantly greater toughness over the P(TMC20-co-
LLA80) mats. The remaining mechanical properties, (E and σmax), however, are unchanged within 
error between the different compositions.  
 
 
Figure 5.26. SEM images of electrospun P(TMC20-co-LLA80) (images (a) and (b)) and P(TMC32-
co-LLA68) (images (c) and (d)) copolymer mats at a set voltage of 24 kV and a collector distance of 
10 cm and 2 mL/hr feed rate (images (a) and (c)) or a collector distance of 15 cm and 20 mL/hr feed 
rate (images (b) and (d)); (a) sample 20-M1; (b) sample 20-M12; (c) sample 32-M1; (d) sample 32-
M12; all images taken at a 2000 magnification. 
 
These results suggest that the morphological properties of the electrospun mats such as the fiber 
diameter, pore size and porosity greatly impact on the mechanical performance with respect to the 
(a)
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elastic modulus and σmax. Furthermore, it has been demonstrated that the extent of elongation and 
toughness of these mats is strongly governed by the material composition, within the parameter 
space studied.   
 
As mentioned in Chapter 2 Section 2.4.1, the well-studied P(TMC-co-DLLA) copolymers 
synthesised by Grijmpa et al.54,56-61 have demonstrated good properties for soft tissue engineering 
applications. Compression moulded copolymers with compositions between P(TMC20-co-DLLA80) 
and P(TMC71-co-DLLA21), ?̅?n between 110 – 285 kg/mol and Tg between -7 – 43 oC, have reported 
elastic moduli between 3.8 – 1900 MPa, ultimate tensile strengths of 1.3 – 51 MPa and elongations 
of break between 7 – 1140%.54,56-61 The mechanical properties of the electrospun mats obtained in 
this chapter are compared to those of the ideal target properties for human coronary arteries, Table 
5.9. It can be seen that these P(TMC-co-LLA) copolymers exhibit very promising properties for 
application as vascular scaffolds, Table 5.9, with the exception of the elastic modulus for which the 
mats are one order of magnitude higher compared to the target. Furthermore, the mechanical 
properties of the P(TMC-co-LLA) electrospun mats from this chapter are similar to those of the 
well-studied P(TMC-co-DLLA) copolymer family. Obtaining similar mechanical properties to the 
well-matched P(TMC-co-DLLA) copolymers is an improvement in terms of gaining these in 3D 
porous mats compared to compression moulded films which demonstrates a step closer towards the 
end application of using these materials as vascular scaffolds that can support cell growth and tissue 
replacement whilst also having well-matched mechanical properties. 
 
Table 5.9 Comparison of the physical and mechanical properties of the electrospun mats obtained 
in this chapter to those the ideal target properties of scaffolds used for vascular tissue engineering of 
human coronary arteries.  
Sample Pore  Size          Porosity          E σmax   εbreak  
  (µm)    (%)   (MPa)   (MPa) (%) 
P(TMC20-co-LLA80)^ 8 - 20  71 - 79 67 - 120  3 - 6  19 - 27  
P(TMC32-co-LLA68)^ 6 - 13 57 - 81 90 - 192 4 - 5  92 - 103 
Ideal scaffold properties for 
vascular graft applications 
10 - 60 90 1 - 2 1 - 11 45 - 138 
^ = Tested under dry conditions. 
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In addition, the P(TMC-co-LLA) electrospun mats have pore sizes that are on the lower limit of the 
ideal target range of 10 to 60 µm, Table 5.9. Therefore, the P(TMC-co-LLA) electrospun mats in 
this study likely have a suitable morphology to achieve adequate cell infiltration when used as a 
vascular tissue engineered scaffold. 
 
5.3.6.1   Evaluation of Material Properties (Predicted versus Experimental)    
 In Section 5.3.6, the mechanical properties of two P(TMC-co-LLA) materials, specifically 
P(TMC20-co-LLA80) and P(TMC32-co-LLA68), were evaluated. The choice of electrospinning these 
particular compositions was discussed in Section 5.2.1, in which Equation 5.3 was utilised as a 
prediction model, that assisted in deciding which copolymers are most likely to closely match the 
vascular application of this project, once porosity is introduced via the electrospinning process. 
Calculations performed using this model were based on the mechanical properties of these materials 
in the form of solid solvent cast films, Chapter 4, in conjunction with introducing an expected 
porosity, ε, of 0.9.   
 
To evaluate the predicted mechanical properties as compared to those that were experimentally 
determined, Table 5.9 shows the elastic modulus data obtained for the P(TMC16-co-LLA84) and 
P(TMC28-co-LLA72) copolymer films, the predicted elastic modulus of these materials with ε = 0.9, 
and the experimentally determined elastic modulus of the compositionally similar P(TMC20-co-
LLA80) and P(TMC32-co-LLA68) materials, in the form of porous electrospun mats.  
 
Table 5.9. Elastic modulus comparison between the P(TMC16-co-LLA84) and P(TMC28-co-LLA72) 
materials as solid films as predicted porous structures with ε = 0.9, versus, the experimentally 
determined elastic modulus of the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) electrospun mats, 
respectively. 
Sample Type Sample Name Thickness  Porosity  𝑬𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 𝑬𝒑𝒓𝒆𝒅𝒊𝒄𝒕𝒆𝒅 
a 
  (µm) (%) (MPa)   (MPa)   
2D Films P(TMC16-co-LLA84) 192  (21) Solid 270  (36) 2.4 – 3.1  
 P(TMC28-co-LLA72) 241  (35) Solid 18  (8) 0.1 – 0.3 
3D Mats 20-M1 66  (14) 79  (2) 67  (20) N/A 
 20-M12 98  (19) 71  (3) 120  (35) N/A 
 32-M1 109  (31) 81  (3) 90  (9) N/A 
 32-M12 95  (29) 57  (2) 192  (70) N/A 
a: Calculations are based on a mat porosity, ε, of 0.9 
N/A means not applicable 
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Table 5.9 shows a large discrepancy between the predicted elastic modulus values as compared to 
those that were experimentally determined. Comparing the predicted elastic modulus values 
calculated for the P(TMC16-co-LLA84) material to the experimentally determined modulus of the 
20-M1 and 20-M12 mats gives 2.4 - 3.1 MPa versus 67 ± 20 MPa and 120 ± 35 MPa, respectively. 
Like-wise, comparing the predicted elastic modulus values calculated for the P(TMC28-co-LLA72) 
material to the experimentally determined modulus of the 32-M1 and 32-M12 mats gives 0.1 - 0.3 
MPa versus 90 ± 9 MPa and 192 ± 90 MPa, respectively.  
 
The first reason the predictions fall short, lies in the fact that the mats inherently have a lower 
porosity than the value used in the prediction model. Predictions were calculated using ε = 0.9, 
while in the resultant porosities in the electrospun mats was lower and ranged between 0.55 - 0.84. 
The second reason the predictions are so low, may be due to differences in sample thickness 
between the films and mats. Sample thickness has already been shown to have an effect on the 
resultant elastic modulus for various P(TMC-co-LLA) compositions, Chapter 4, such that thinner 
films had significantly higher elastic moduli. Had the predictions been based on elastic modulus 
values obtained from films of a more comparable thickness to those of the mats, approximately 100 
nm, the predicted values would increase.  
 
Although these rationale are justified and supported by previous findings, alone they are not 
sufficient to fully explain the results, as the P(TMC32-co-LLA68) mats have an even higher elastic 
modulus than the solid P(TMC28-co-LLA72) films of a similar molar composition. This result 
suggests that there must be some inherent property differences between these P(TMC-co-LLA) 
materials, when in the form of solid films versus electrospun mats. The results from NMR, GPC 
and DSC characterization for the films and mats of similar composition are shown in Table 5.10, 
along with their experimentally determined elastic moduli. 
 
Table 5.10. Comparison of the NMR, GPC and DSC results for P(TMC-co-LLA) materials, when 
in the form of solid films versus electrospun mats.  
Sample Form Composition ?̅?𝒏 ?̅?𝑳𝑳𝑨 𝑻𝒈 𝝎𝒄 𝑬𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍 
 (mol%) (kg/mol)  (°C)   (%)   (MPa)   
Film P(TMC16-co-LLA84) 63 13.8 4.9 11.8 235 – 307  
Mat P(TMC20-co-LLA80) 54 13.9 51.7 
a 7.5 a 47 – 155 
Film P(TMC28-co-LLA72) 43 5.3 10.1 4.9 10 – 26 
Mat P(TMC32-co-LLA68) 45 6.6 37.4 
a 2.6 a 81 – 262 
a: Value is the average of M1 and M12 mats from Table 5.6.  
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The films and mats with similar molar composition, as shown in Table 5.10, have comparable 
average molecular weights, LLA block lengths and crystallinity content. However, the glass 
transition temperature is drastically different between the films and mats of similar material 
composition. The 𝑇𝑔 is approximately 47 °C higher for the P(TMC20-co-LLA80) material, and 
approximately 27 °C higher for the P(TMC32-co-LLA68) material, as compared to the P(TMC16-co-
LLA84) and P(TMC28-co-LLA72) films, respectively. This difference in the glass transition 
temperature has resulted in the P(TMC20-co-LLA80) mats displaying an elastic modulus of between 
47 - 155 MPa which is comparable to the 235 - 307 MPa range obtained for the P(TMC16-co-
LLA84) films, despite the mats being between 68 - 81 % porous while the films were solid. The 
P(TMC32-co-LLA68) mats had between 55 - 84 % inherent porosity and displayed an even higher 
range for their elastic modulus of between 81 - 262 MPa, compared to the solid P(TMC28-co-
LLA72) films of similar composition which ranged from 10 - 26 MPa. Therefore, during tensile 
testing all mats were in their glassy state at room temperature, while the films were in their rubbery 
state, and thus, the mechanical performance is clearly very different. Furthermore, the 𝑇𝑔 of the 
mats is similar to that measured for the bulk copolymer from which is was made, and thus it is 
concluded that there is minimal trapped solvent remaining in the electrospun mats, unlike the 
solvent cast films.  
 
5.4 Conclusions 
 
In this chapter it was demonstrated that P(TMC9-co-LLA91), P(TMC20-co-LLA80) and P(TMC32-co-
LLA68) could successfully be electrospun into 3D mats. Strong interdependence between the fiber 
diameter and pore size was evident across all P(TMC-co-LLA) materials within the parameter space 
investigated. The interdependence was found to be related through the equation: Pore Size (µm) = 
3.17 × Fiber Diameter (µm) + 2.01 (µm), which had an R2 value of 0.91. It was also identified that 
a constant deposition density is important for comparing the average pore sizes of electrospun mats. 
It has been shown that the deposition density affects the average pore sizes of these mats, such that, 
mats with the lower deposition densities consistently possess larger pore sizes compared to the more 
densely spun mats.  
 
Changing the voltage (17, 24 and 30 kV), collector distance (10, 15 and 20 cm), and polymer feed 
rate (2, 5, 10 and 20 mL/hr) parameters during electrospinning resulted in variation within the mat 
morphology, such that the P(TMC9-co-LLA91) material had fibers and pores between 530 - 954 nm 
and 2.2 - 8.0 µm, respectively, the P(TMC20-co-LLA80) material had fibers and pores between 2188 
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- 5922 nm and 8.4 - 20.0 µm, respectively, and the P(TMC32-co-LLA68) material had fibers and 
pores between 1605 - 3599 nm and 5.4 - 14.6 µm, respectively.  
 
It was identified, through the spinning of the P(TMC9-co-LLA91) material, that 24 kV was ideal for 
producing defect-free smooth fibers, in contrast to 17 and 30 kV which produced non-ideal mats 
with large fiber diameter variation and fused fibers, respectively. It was also found that increases in 
the voltage, for the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) materials, generally resulted in 
mats with thinner fibers and smaller pores. Changes in the collector distance saw very different 
effects across the various copolymer compositions. As the collector distance was increased, the 
P(TMC9-co-LLA91) mats generally showed decreased fiber thickness and pores, P(TMC20-co-
LLA80) mats had increased fiber thickness and pores, while no changes were seen in the P(TMC32-
co-LLA68) mats. These differences were attributed to the fact that the experimental approach for 
this study utilised a constant applied voltage, and thus, any changes in the collector distance 
inversely affected the effective voltage. Hence, differences are seen across the different copolymer 
compositions, depending upon the trade-off between the collector distance and effective voltage 
effects for each copolymer. The effect of the polymer feed rate, was found to be consistent across 
all copolymer compositions, such that, increasing the feed rate resulted in electrospun mats with 
thicker fiber and larger pores.  
 
In addition, changing the copolymer composition was found to significantly affect the morphology 
of the mats. The P(TMC9-co-LLA91) material produced mats with average fiber diameters and pores 
that are significantly smaller than those of the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) 
copolymers, processed under the same electrospinning conditions. This suggests that the P(TMC9-
co-LLA91) polymer jet is experiencing a higher extent of elongation and thinning during its 
trajectory towards the collection plate. While viscosity changes based on the molecular weight of 
the copolymer could not explain this result, the following parameters all potentially cause the 
observed effects: the LLA block lengths and interaction with the CHCl3/DMF solvent mixture in 
terms of viscosity changes and solvent evaporation rates, the degree of inherent crystallinity within 
the starting materials, and the electrical conductivity of PLLA versus PTMC.  
 
The P(TMC20-co-LLA80) mats were found to possess thicker fibers across all parameter 
combinations, as compared to P(TMC32-co-LLA68) mats. GPC analysis confirmed that the average 
molecular weight was approximately 10 kg/mol higher in the P(TMC20-co-LLA80) copolymer, 
suggesting thicker fibers were obtained through viscosity increases. This was further supported by 
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differences seen in the solvent evaporation rates between these two copolymers, such that, the 
P(TMC20-co-LLA80) copolymer displayed fused fibers, while the P(TMC32-co-LLA68) material 
produced ideal mats without fiber fusion under the same electrospinning conditions. In addition, it 
was observed that the P(TMC32-co-LLA68) mats tended to reduce in size once being removed from 
the collector plate. It was inferred that the P(TMC32-co-LLA68) copolymer jet is undergoing 
enhanced elongational stretching and thinning, for a given set of parameters, as compared to the less 
elastic P(TMC20-co-LLA80) copolymer. Thus, the decreased fiber diameter and pore size of the 
P(TMC32-co-LLA68) copolymer may be due to higher elastic properties inherent within this 
material.  
 
It was established in this chapter that the thermal properties were affected by the electrospinning 
process for the P(TMC20-co-LLA80) and P(TMC32-co-LLA68) copolymer. GPC analysis confirmed 
that no change in the average molecular weight occurred after processing which indicated that these 
materials were not degraded to any significant extent by the electrospinning process. The thermal 
properties for a given copolymer composition between the M1 and M12 mats, were found to be 
relatively constant, suggesting that the thermal properties of these materials are not significantly 
affected by changes in the specific parameter combinations applied during electrospinning, within 
the parameter space investigated. Cold crystallisation exotherms were seen in all of the first heating 
scans of the elecrospun mats analysed, indicating that the inherent crystallinity is significantly lower 
in the electrospun mats than that of the starting material. This result suggested that rapid 
solidification of the fibers occurred during electrospinning which inhibited the crystallization 
process and was linked to the high evaporation rate of CHCl3. Furthermore, the first heating scan of 
each mat displayed an endothermic peak at the glass transition temperature, indicative that the 
elecrospinning process caused strong deviations of the thermodynamic state from equilibrium, and 
thus, polymer chain relaxation is occurring. Despite this, the second heating scan of the mats 
confirmed that no irreversible thermal changes are caused through the electrospinning process. 
 
The mechanical properties of the electrospun mats described in this chapter were found to be 
dependent on the copolymer composition and the morphology of the mat. The ductility was found 
to be greatly enhanced as a function of increased incorporation of TMC within the copolymer, with 
the elongation of the M1 mats increasing from 27 % to 92 % and the M12 mats increasing from 19 
% to 103 % when electrospun using P(TMC32-co-LLA68) versus P(TMC20-co-LLA80). The 
toughness also appeared to be composition dependent, with the P(TMC32-co-LLA68) mats 
displaying significantly greater toughness over the P(TMC20-co-LLA80) mats. Conversely, for a 
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given composition, mats with lower porosity, thicker fibers and larger pores were, on average, 
stiffer and able to withstand a larger load before being irreversibly deformed. Thus, it was 
concluded that the morphological properties of the electrospun mats, such as the fiber diameter, 
pore size and porosity, greatly impacted the mechanical performance with respect to the elastic 
modulus and ultimate tensile strength, while the extent of elongation and toughness is strongly 
governed by the material composition.   
 
The predicted porous elastic moduli, as based on the 2D solvent cast film data with ε = 0.9, were 
found to be much lower than the experimentally determined values. There were a couple of reasons 
for this; firstly the predictions were calculated using ε = 0.9, while the resultant porosities in the 
electrospun mats was lower and ranged between 0.55 - 0.84. Secondly, the predictions had been 
based on elastic modulus values obtained from films of a significantly larger thickness as compared 
to the thickness of the mats that were tested. Thirdly, the glass transition temperature was between 
27 °C to 47 °C higher for the mats (indicative of minimal solvent remaining in the fibers), and thus 
were mechanically tested in their glassy state, while the films were tested in their rubbery state.  
 
In conclusion, the electrospun mats produced and characterised in this chapter have demonstrated a 
large degree of flexibility and control over the scaffold properties. This has been achieved not only 
through the choice of P(TMC-co-LLA) material composition but also through the control over the 
electrospun mat architecture. It is recommended that the P(TMC-co-LLA) class of materials and the 
electrospinning processing method, when used in conjunction, lead to a very interesting and 
promising parameter space to be further investigated and fine tunned for an array of potential 
scaffold applications in tissue engineering.  
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Chapter 6 
 
Model Drug Encapsulation 
into 3D Electrospun Mats 
 
6.1 Introduction to Drug Eluting Electrospun Fiber Mats 
 
Over the past few decades, drug delivery systems have gone from being theoretically attractive 
experimental modalities to being at the forefront of a multi-billion dollar pharmaceutical industry, 
with applications in almost every field of medicine.1 Much of this is owed to drug delivery systems 
being more convenient, having a reduced toxicity and improved therapeutic benefits over 
conventional dosage forms.2 Biodegradable polymer-based drug delivery systems in particular have 
gained great attention because they offer sustained release of encapsulated drugs and degrade to 
nontoxic products that are easily eliminated by natural bodily processes. In addition, these systems 
allow selective control over the release pattern such that rapid, immediate, delayed, pulsed, or 
modified dissolution of the active therapeutic agents can be delivered to a designated part of the 
body.2,3  
 
Therapeutic agents have been encapsulated into many different biodegradable polymeric matrices, 
including micro and nanoparticles, hydrogels, films, micelles, conjugates and fibrous scaffolds.3,4 In 
particular, fibrous scaffolds, such as those processed via electrospinning, play a significant role in 
tissue engineering and drug delivery because of the ease with which drugs may be incorporated into 
the nanofibers.5,6 In addition, electrospun nanofibers offer many other advantages for applications 
as drug delivery matrices including site-specific delivery of any number of drugs from the scaffold 
into the body, high drug loadings if so desired, burst control, stability and preservation of active 
drugs, high surface area (which enhances drug release) and tailored control over the release kinetics 
through specific scaffold morphology which can be easily controlled during the electrospinning 
process.2,5 As such, electrospun nanofibrous mats constitute potential solutions for drug delivery 
191 
 
vehicles across many areas of medicine with applications in spinal cord regeneration, wound 
healing, cancer therapy and heart disorders.7-9 For example, PLGA electrospun mats successfully 
encapsulated the anticancer drug paclitaxel for the treatment of C6 gliomas.10 Furthermore, polymer 
nanofibers have been successfully loaded with many different functional materials including drugs, 
chromophores, enzymes, antimicrobial agents, proteins, nucleic acids, growth factors as well as 
magnetic or semiconductor nanoparticles.7,11-14 
 
Three different methods generally exist, referred to as embedding, encapsulating and coating, for 
loading pharmaceuticals and other bioactive components into electrospun fibers which allow for the 
molecular structure and bioactivity of the therapeutic agents remain intact.7,12,15 The choice of the 
loading technique affects the drug release pattern, and thus opens the opportunity to gain further 
control over elution profiles and tailor electrospun nanofiber devices for specific drug delivery 
applications.7 Embedding is the most preferred method which simply involves the addition of the 
drug into the polymer solution, often referred to as a polymer/drug blend, and this polymer/drug 
blend is directly electrospun into fibers such that the drug is homogenously dispersed and 
embedded, either molecularly or as solid drug particles, throughout the fibrous network and drug-
loaded fibers are obtained.12,15-17 These uniformly distributed drug-loaded fibers are classified as 
monolithic matrix-type delivery devices and the rate of drug release is seen to decrease with time, 
since the drug within the centre of the fibers has a progressively longer distance to travel than those 
that are located towards the surface and therefore require a longer time to be released.4,15,17,18     
 
The encapsulating technique is another way of incorporating bioactive agents, such as drugs, into 
electrospun fibers. The encapsulating technique is achieved through coaxial electrospinning in 
which two miscible or immiscible components are simultaneously electrospun so that the fibers 
consist of a core layer encapsulated inside a shell layer, forming a so-called “core-sheath” 
structure.4,12 In this way, drugs are enclosed within the polymer shell to form a reservoir-type drug 
delivery device.4,15 These devices may offer more control over drug release profiles, however, are 
more complex systems that require the optimization and controlled release of drugs from both the 
inner and outer layers.12 Furthermore, reservoir devices in general pose the potential danger of 
releasing large quantities of drug into the specific site of delivery, known as drug dumping, 
immediately upon accidental rupture of the outer layer.17,18 The third loading method, coating, 
involves the polymer fibers being electrospun and then the device undergoes a second step post-
processing in which drug is loaded on to the scaffold via adsorption or covalent coupling which acts 
as a drug coating onto the fibers.12 Because the drug molecules are only located on the surface of 
the fibers the drug release tends to be more instant and offers less control for long term delivery.12   
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6.1.1 Solvent and Small Molecule Effects on Electrospinning 
There are a vast number of parameters that affect the morphology of electospun mats, and many of 
these were discussed in detail in Chapter 5. Specifically relevant to this Chapter is the 
understanding of how the solvent system and/or the addition of small molecules can affect the 
electrospinning process and in turn the morphology of the electrospun mats. The overall 
morphology of the electropun polymer fibers, including the extent of crystallisation and mechanical 
performance, is strongly influenced by the physical and electrical properties of the solution which is 
dependent upon the polymer characteristics, and to a large extent, upon the choice of solvent.19,20  
 
During electorpsinning the initiation of a jet from the Taylor cone and the progressive development 
of jet instabilities as the jet travels towards the grounded collector is a complex phenomenon that is 
strongly controlled by the polymer solution properties such as the solution rheology and overall 
viscosity, conductivity/dielectric constant, charge density, surface tension and solvent evaporation 
rate.19-21 Many solution properties are interdependent, making them difficult to isolate and study 
systematically, and therefore, electrospinning studies often discuss the combinational effects of a 
given polymer system from varying the solution properties, which are often inferred from the 
present theoretical understanding of the electrospinning process. For example, the rate of solvent 
evaporation and the electrical properties of the polymer solution should not be considered 
independently. This is because the bending instability phenomena that takes place during 
electrospinning, which is strongly governed by the solutions conductivity among other factors, 
indirectly increases the surface area of the polymer jet where solvent evaporations takes place.19 
Like-wise, the solution viscosity is a function of both polymer molecular weight and 
concentration.22 
 
The specific solvent/solvent mixture for a given electrospinning system possesses a unique 
combination of inherent physical properties, such as dielectric constant and boiling point, and thus, 
strongly governs the electrospinning behaviour and morphology of the resultant mats.20,21 
Specifically, the boiling point of the solvent/solvent mixture directly relates to the rate of solvent 
evaporation from the jets of a polymer solution during spinning. As the solvent evaporates the mass 
flow velocity of the jet increases and the fibers begin to solidify which drastically increases the 
viscosity and elastic modulus of the jet and slows down the ability of the electrical field to stretch 
and elongate the jet.19,23 Thus, low boiling point solvents generally result in thicker fibers.21,24-27 
Furthermore, complications can arise from using low boiling point solvent/solvent mixtures which 
allow extremely fast solvent evaporation from the polymer solution at the needle tip and thus 
introduce difficulties with jet initiation and jet stability and so retards the spinning process.19 Rapid 
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solvent evaporation also affects the solidification process and has led to the formation of fibers with 
a porous appearance.20 Furthermore, as mentioned in Chapter 5, the rapid evaporation of low 
boiling point solvents/solvent mixtures has been found to limit the extent of crystallisation taking 
place within the polymer fibers.28-30 On the other hand, employing solvents with higher dielectric 
constants, such as DMF, generally induce a high charge density in the polymer solution which 
assists with jet initiation and splitting and typically produces finer and more uniform 
fibers.11,19,21,24,27,31 Increasing the molar ratio of DMF from 10/90 to 50/50 in a DMF/methyl 
chloride solvent mixture saw the average diameter decrease from 1500 to 200 nm.21 In addition to 
the dielectric constant and boiling point of the solvent/solvent mixture being important, other 
factors such as the surface tension and solution viscosity can also affect the electrospinning 
behaviour and the morphology of the resultant mats.20,21 A summary of how these solution 
properties affect electrospun mat morphology are displayed in Table 6.1. 
 
Further control of the scaffold properties can be gained through the addition of small molecules 
such as salts, alcohols and surfactants which allow more advanced tailoring of the mat morphology, 
average fiber thickness and pore size depending on how the molecules interact with the given 
polymer system and how these interactions affect the overall solution properties such as the 
viscosity, conductivity and rate of solvent evaporation.8,12,22,26,31-35 In general, adding charged or 
ionisable species into the spinning solution increases the electrical conductivity of the solution by 
increasing the number of ions per unit volume (i.e. charge density) and generates stronger repulsive 
forces on the surface of the jet during spinning which enhances the stretching and splaying of the jet 
to produce thinner fibers.12,35-37 When the drug lidocaine hydrochloride was added into a PLLA 
solution the ionic strength was calculated to increase as a function of drug concentration and thus 
resulted in producing fibers with a reduced diameter as the drug content was increased.8 Similarly, 
in another study, neat PLLA electrospun fibers, 2157 nm thick, became significantly thinner, 692 
nm, upon the addition of 3 wt% tetracycline hydrochloride into the PLLA solutions as a result of the 
increased conductivity which favoured the stretching and drawing of the jet.15 On the other hand, 
the increase in the solution conductivity from the addition of inorganic salts can also have the exact 
opposite effect and actually increase the fiber diameter due to the large increase in the mass flow, as 
was reported by Mit-uppatham et al.26 Increased fiber diameters have also been seen with the 
incorporation of neutral small molecules.38 For instance, when a neutral drug was added into a 
P(DLLA-co-GA) electrospinning solution, the fiber diameter range was found to increase from 0.65 
– 1.0 µm without the drug to 1.27 – 2.03 µm with the drug.38 In another system, the addition of 
vitamin A and E, which act as neutral small molecules, was found to have minimal effect on the 
fiber morphology as the conductivity of the vitamin containing solutions were not significantly  
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different from that of the neat solution.32 The addition of doxorubicin hydrochloride into P(PEG-co-
PLA) diblock copolymer electrospun nanofibers saw no change in the mat morphology or average 
fiber diameters.4 Although the conductivity of the solution was higher, the evaporation rate of 
solvent from the polymer solution was thought to be dependent on the drug concentration such that 
higher drug content resulted in slower evaporation. Consequently, higher drug content in the 
polymer solution lead to a more viscous solution during spinning, which counter-acted the increased 
conductivity and thus the fiber diameters and morphology were not significantly altered.4  
 
In addition to small molecules changing the conductivity of electrospinning solutions, they can also 
significantly alter the solution viscosity. In some instances, the addition of small molecules 
decreases the viscosity of the spinning solution and therefore tends to reduce the average fiber 
diameter in the resultant mats. This viscosity effect was seen when the vitamins retinoic acid and 
vitamin E were added to a cellulose acetate solution which changed from having a viscosity of 465 
mPa s to 460 and 453 mPa s after incorporating 0.5 wt% retinoic acid and vitamin E, respectively.32 
The decrease in viscosity was thought to be the result of the drag-reducing effects of these 
substances in the solution.32 Conversely, the viscosity can also increase upon incorporation of small 
molecules as was the case when tetracycline was loaded at concentrations greater than 10 wt% into 
1:1 THF/DMF P(DLLA-co-GA) solutions.33 In another system, the viscosity of β-cyclodextrin (β-
CD) and polyvinyl alcohol (PVA) solutions were significantly increased as compared to neat PVA 
solutions as a result of intermolecular hydrogen bonding between β-CD and PVA in solution as 
confirmed by 1H NMR analysis.34 Furthermore, increases in viscosity of β-CD/PVA solutions were 
found to increase with the concentration of β-CD in PVA which resulted in thicker fiber 
diameters.34 Like-wise, adding meloxicam suspended in water to PVA solutions saw a drastic 
increase in viscosity as meloxicam has a low solubility in water and thus thicker fibers were 
electrospun.12 Table 6.1 summaries how the addition of small molecules can affect the solution 
properties and the resultant electrospun mat morphology.  
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Table 6.1. Summary of expected effects on electrospun mat fiber morphology for various 
electrospinning parameters, as evidenced in literature.  
 
Addition of Additives 
or Small Molecules 
8,12,22,26,31-34 
 Charged or ionisable species increase the conductivity of the 
spinning solution which generally decreases fiber thickness, 
however, increased fiber thickness can also occur from the 
increased mass flow rate of the polymer 
 Small molecules can lower the solution viscosity and so decrease 
the average fiber diameter 
 Interactions between the small molecules and the polymer in 
solution, such as hydrogen bonding, greatly increase the solution 
viscosity such that larger fibers are produced  
Conductivity/Dielectric 
Constant 
11,12,19,21,22,24,27,31  
 Electrospinning is facilitated in solvents with a high dielectric 
constant  
 High conductivity aids in the formation of uniform bead-free 
fibers 
 Increasing the conductivity and charge density through 
incorporating a solvent with a high dielectic constant generally 
results in thinner fibers 
 The productivity (number of fiber webs per unit area per unit 
time) increases with increasing dielectric constant of the 
solvent(s) 
Polymer Molecular 
Weight 22,26,28,31 
 Increasing the molecular weight generally reduces beading and 
droplet formation  
 Having a set concentration with varying polymer molecular 
weight can significantly affect the morphology of the fibers  
 The fiber diameter increases with increases in the polymer 
molecular weight (at a set polymer concentration) and is 
attributed to the increase in solution viscosity 
Surface tension 19,22,28  The surface tension decreases with increasing concentration of 
the polymer solution  
 Higher surface tension requires a higher voltage to initiate a jet 
from the Taylor cone and undergo jet bending and splaying   
 The surface tension affects the Taylor cone and fiber formation 
Solvent/Solvent 
mixtures 19-21,24-30 
 Fiber diameter and morphology are affected by the solvent 
system  
 Fiber diameter decreases with increasing density and boiling 
point of the solvent(s)  
 Low boiling point solvent systems can retard the spinning 
process, introduce the formation of pores in the fiber and can 
inhibit the formation of crystalline domains in the fibers  
 Incorporating larger volume fractions of a solvent with a higher 
dielectic constant in a solvent mixture enhances the splitting and 
splaying during spinning, and thus, thinner fibers are obtained 
 Different solvent systems can cause changes in the overall 
polymer solution viscosity and thus can affect the fiber thickness  
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6.1.2 Control of Small Molecule Release from Monolithic Fiber Matrices 
The release of water soluble drugs from a polymer matrix involves the simultaneous absorption of 
water and desorption of the drug. Upon water penetration into the polymeric matrix containing the 
dispersed drug, the polymer begins to uptake water which lowers the glass transition temperature of 
the polymer chains, allowing the dissolution of the drug which diffuses from the polymeric device 
into the external releasing media. Hence, it is not surprising that the physical properties of polymers 
responsible for their degradation behaviour also strongly influence drug release.39 The drug release 
profile from monolithic drug delivery devices, where the drug is added to the electorspinning 
solution and homogeneously incorporated into the polymeric fibrous matrix, is controlled by many 
parameters which are highly interdependent and the majority of studies only investigate a sub-set of 
these due to the complexity of these systems. These parameters, although many, generally fall under 
one of the following headings; the properties of the polymer and drug, device geometry, and the 
specific testing conditions. The parameters within each heading are introduced and discussed below 
in terms of how they affect the drug release profile.  
 
The polymer properties of delivery systems that control drug release include the monomer 
chemistry, chain sequence (random or block), degree of wettability, thermal properties (i.e. glass 
transition temperature, melting temperature and crystallinity), and molecular weight.5,12,18,36,40,41 The 
polymer chemistry strongly controls drug delivery profiles, which is evidence in the literature 
whereby the release rate of vitamins entrapped within a nanofibrous scaffold were found to be 
regulated by the polymer chemistry.42 In another system, the drug delivery was controlled through 
changing the LA to GA unit ratio in PLGA matrix devices.33 The chain sequence, (i.e. block or 
random structure) has also been shown to affect drug release from polymeric drug delivery devices, 
which is linked to the differences in the rate of hydration associated with these different chain 
sequences and which affects the hydration of the polymer chains and hence the desorption of the 
drug.40 Furthermore, P(TMC-co-LLA) copolymers with a random chain sequence have 
demonstrated regular drug release profiles (due to their high amorphous content), as opposed to 
block chain sequences which tend to have less regular drug release profiles (as they contain 
crystalline domains).43 The polymer wettability also influences the drug release profiles,10 and it has 
been found that in hydrophilic polymeric systems the water absorption is facilitated which enhances 
the release of drug molecules from the matrix into the media more easily, thus increasing the drug 
release rate.6,36 Conversely, hydrophobic polymers tend to have lower water uptake and therefore 
show a decreased rate of drug release.36 In much of the same way, the crystallinity content also 
influences the ability of polymer systems to uptake water, such that low drug release of only 37 % 
was seen at day 60 from highly hydrophobicity and crystalline polymeric rods.44 The polymer 
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molecular weight has also been found to affect the elution of drugs from polymeric devices.1,33 
 
In addition to the release profiles being dependent upon the polymer properties, drug release also 
highly depends upon the drug parameters, such as the drug size and molecular weight, its 
distribution within the matrix, its loading and the specific polymer/dye interactions.5,10,41,45 In 
general, when drug particles have a distribution of sizes, the particles smaller than the average size 
are released at a faster rate than those particles that are larger than the average.46 Uniformly 
distributed drugs within a polymeric delivery device promote steady and constant drug release, 
which is often seen when there is good compatibility between the drug and the polymer matrix 
during processing.7 In crystalline polymers the drug particles can become entrapped within the 
crystalline domains of the matrix and subsequently uncontrolled release of drug molecules is 
expected.47 Furthermore, if the majority of the drug is located in the surface of polymeric devices, 
as was seen when tetracycline was added to P(DLLA-co-GA) in a 1:1 ratio of THF and DMF and 
this solution was electrospun into fibers, a large quantity of drug is released at a short time point, 
referred to as an initial burst release.10 Therefore, drug release profiles are closely related to the 
distribution of the drug.4 Furthermore, when the tetracycline loading was increased, a greater 
amount of drug molecules aggregated at the surface of the nanofibers which resulted in even faster 
drug release.10 As the release kinetics are affected by the local drug concentration, higher drug 
loading alters the system during the simultaneous absorption of water and release of drug in terms 
of the osmotic pressure of the dissolved drug molecules and the polymer chain relaxation 
processes.39 Therefore, drug release from a matrix device can be dependent upon the initial drug 
load.2,14,17 The release kinetics of tetracycline from electrospun P(DLLA-co-GA) nanofibers was 
found to be dependent on drug loading such that 3 and 5 wt% loaded fibers showed sustained 
release over 28 days, while the 10 wt% drug loaded fibers showed increased initial release (burst 
release) but sustained elution for a shorter time period of 14 days.33 Conversely, when vitamin B12 
was used as a model drug for the study of release kinetics it was found that the release rate of the 
vitamin was depend upon the loading such that increasing the loading resulted in a lower 
cumulative release and prolonged the release period.42 The interactions between the specific 
polymer and drug within a given system affects the desorption processes of the drug in the presence 
of media.5,7,41 It has been reported in the literature that polymer/drug interactions govern the pattern 
of drug release from electrospun mats.5,7,8,41,45 The incompatibility between hydrophobic PCL 
polymer chains and hydrophilic rhodamine B drug molecules saw fast release of rhodamine B, 
while in contrast the good polymer/drug compatibility between PCL and naproxen, resulted in a 
slower release rate than that of rhodamine B.7 
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The geometry of the drug delivery device has a significant effect on the release kinetics of drugs 
and small molecules due to the different surface area to volume ratios.1,5,14,17 This effect is 
demonstrated when comparing the release profiles of Retin-A loaded electrospun mats to those of 
Retin-A loaded solvent cast films, which showed fast release rates at long immersion times from the 
higher surface area mats.32 It has also been shown that decreasing the pore size within scaffolds 
tends to decrease the rate drug diffusion.36 Lastly, the testing conditions for small molecule release, 
such as the temperature and submersing media, has also been found to affect their release 
profiles.32,42,44   
   
6.1.3 Mechanisms of Drug Release and the Mathematics of Diffusion 
Diffusion is the passive migration of molecules that are initially localized at high concentration to 
eventually spread and become uniformly dispersed within a given system.48 Diffusion occurs due to 
the thermal energy within molecules which generates molecular motion and as a result, individual 
molecules undergo random movement in which they do not travel in a straight path but rather 
collide with other molecules and change direction frequently, producing a pattern of migration 
known as a random walk.48,49 Although diffusion is a passive form or transport, molecules are 
driven by a concentration gradient and will diffuse in the direction of decreasing concentration. In 
monolithic matrix-type delivery systems, where the drug is homogenously incorporated into a 
degradable polymer matrix, and for which there is minimal swelling and minimal degradation of the 
polymer network, the controlling step is the concentration gradient and the drug release mechanism 
is diffusion dependent.18,50-52 In diffusion-controlled drug delivery systems, the diffusion of water 
into the polymer matrix is firstly required before the release of incorporated drugs from the drug 
delivery device can occur.  
  
To describe the drug release behaviour of controlled polymeric devices, the Frisch equation is 
applied which expresses the fraction of diffused or released drug, (𝑀𝑡/𝑀∞), as a power function of 
time, t, and as shown in Equation 6.1.32,39,46,52 
 
𝑀𝑡
𝑀∞
= 𝑘𝑡𝑛         (for 
𝑀𝑡
𝑀∞
≤ 0.6)                              [Equation 6.1] 
 
   Where  𝑀𝑡 =  mass of drug released at time 𝑡  
       𝑀∞ =  mass of drug released as time approaches infinity                    
         𝑘 =  constant relating to the properties of the matrix and drug 
𝑡 =  time                                                                                                
                               𝑛 =  diffusional exponent characteristic of the release mechanism 
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Applying the Frisch equation to the first 60% of fractional release data allows the diffusional 
exponent n to be calculated which is indicative of the type of drug transport mechanism.32,39,46,52 
The relationship between the diffusional exponent n and the corresponding mechanism of release is 
displayed for various device geometries including sheet, cylinder and sphere, Table 6.2. According 
to this classification, there are three distinguishable modes of diffusion; Fickian or Case I, non-
Fickian or anomalous and Case II diffusion.  
 
Table 6.2. Diffusional exponent n and the mechanism of diffusional release from various device 
geometries.46,52,53 
Drug Release Mechanism Diffusional Exponent, n 
 Sheets Cylinders Spheres 
Fickian (Case I)  0.50 0.45 0.43 
Non-Fickian or Anomalous  0.50 < n < 1.00 0.45 < n < 0.89 0.43 < n < 0.85 
Case II 1.0 0.89 0.85 
 
Fickian or Case I transport occurs when the rate of polymer chain relaxation is greater than the rate 
of drug release. As the rate of drug release is the limiting step in the kinetics, Fickian transport is 
classified as a diffusion controlled mechanism. In general, Fickian diffusional release gives initial 
proportionality between the fraction of released drug (𝑀𝑡/𝑀∞) and the square root of time 
(𝑡0.5).39,46,54 Obviously, in device geometries such as cylinder and spheres the best fits to linearity 
will be obtained for 𝑡0.45 and 𝑡0.43 for true Fickian diffusion, respectively, rather than 𝑡0.5. In 
contrast, Case II diffusion arises when the rate of diffusion is much faster than the rate of relaxation 
of the polymer chains. Media penetrates into the outer layer of the polymeric drug delivery device 
to form a highly permeable layer at the surface that advances towards the core of the polymer such 
that drug release is restricted to occur from the permeable swollen front. The main feature of Case II 
diffusion is the establishment of a sharp boundary (diffusion front) between the polymer core and 
the swollen polymer shell that advances at a constant velocity and leads to the fraction of released 
drug (𝑀𝑡/𝑀∞) being proportional to time (i.e. n = 1, or n = 0.89 for cylindrical and n = 0.85 for 
spherical geometries).39,55 As the rate of polymer chain relaxation is the rate determining step and 
the main driving force for diffusion, Case II transport is classified as a swelling-controlled 
mechanism in which the drug release kinetics are time independent and release is zero-order.39,46,52 
When the rate of structural relaxation in the polymer chains is comparable to the diffusion rate of 
the drug, an intermediate situation exists, between Case I and Case II diffusion, in which the release 
kinetics are explained by the non-Fickian or anomalous diffusional mechanism.39 Non-Fickian or 
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anomalous diffusion is often seen in swellable delivery systems when the factors that control 
Fickian diffusion and the relaxation of the polymer chains combine to govern the transport of 
media, and hence, the release of the drug from the device. 
 
For controlled-delivery devices that exhibit Fickian diffusional release, another important feature is 
the calculation of the diffusion coefficient (D) which is the quantitative measurement of the rate at 
which a diffusion process occurs. In other words, the diffusion coefficient represents the ability of 
drug molecules to move out of the polymer fibers and into the media and is dependent upon both 
the properties of the drug and properties of the polymer matrix.18 In one dimension the diffusion 
coefficient is defined by Fick’s first law of diffusion which states that the rate of transfer of a 
diffusing substance through unit area of a section is proportional to the concentration gradient 
measured normal to the section, Equation 6.2.56 The negative sign is to denote that diffusion is 
occurring from regions of high concentration to low concentration. 
 
𝐹 = −𝐷
𝛿𝐶
𝛿𝑥
                                                           Equation 6.2 
 
Where  𝐹 =  rate of transfer per unit area of section  
            𝐷 =  diffusion coefficient                                                       
                         𝐶 =  concentration of the diffusing substance    
                         𝑥 =  distance of diffusion measured normal to the section 
                                             
Alternatively, Fick’s second law of diffusion describes the non-steady state condition where the 
concentration gradient varies with time, t. In the situation where the concentration gradient is only 
non-zero in the x direction, a common form of Fick’s second law in Cartesian coordinates is given 
in Equation 6.3.   
𝜕𝐶
𝜕𝑡
= 𝐷
𝛿2𝐶
𝛿𝑥2
                                                           [Equation 6.3] 
 
Where  𝐶 =  concentration of the diffusing substance    
 𝑡 =  time                                                                                  
            𝐷 =  diffusion coefficient                                                       
                           𝑥 =  distance of diffusion measured normal to the section 
 
To describe a semi-infinitely long cylinder with a minimum (8 : 1) (length : diameter) ratio whereby 
diffusion is assumed to only occur in the radial direction, Equation 6.3 is converted to cylindrical 
coordinates which reduced Fick’s second law of diffusion to Equation 6.4.46,53,56 
201 
 
𝜕𝐶
𝜕𝑡
=
1
𝑟
𝛿
𝛿𝑟
(𝑟𝐷
𝛿𝐶
𝛿𝑟
)                                             [Equation 6.4] 
 
Where  𝐶 =  concentration of the diffusing substance    
 𝑡 =  time                                                                                  
 𝑟 =  radial distance                                                              
            𝐷 =  diffusion coefficient                                                       
                           𝑥 =  distance of diffusion measured normal to the section 
 
The diffusion coefficient is therefore evaluated by solving Fick’s laws of diffusion which vary 
depending on the boundary conditions imposed upon the system. The solutions to the differential 
equation for various boundary conditions are detailed in the landmark text by Crank.56 For one-
dimensional radial release from a cylinder of radius a, with assumed perfect sink initial and 
boundary conditions and constant drug diffusion coefficient, D, the solution to Fick’s second law 
(Equation 6.4) is given in Equation 6.5.46,53,56 
 
𝑀𝑡
𝑀∞
= 1 −  ∑
4
𝑎2𝛼𝑛2
exp[−𝐷𝛼𝑛
2𝑡]
∞
𝑛=1
                                 [Equation 6.5] 
 
                                Where    𝛼𝑛 = positive roots of 𝐽0(𝑎𝛼𝑛) = 0  
       𝐽0(𝑥) = Bessel function of the first kind of zero order 
        𝐽1(𝑥) = Bessel function of the first order  
      𝛼 = radius of cylinder 
 
For small diffusion times where 𝑀𝑡/𝑀∞ ≤ 0.6, Equation 6.5 can be approximated to Equation 
6.6.46,56 
𝑀𝑡
𝑀∞
 =  
4
𝜋1/2
(
𝐷𝑡
𝑎2
)
1/2
−  
𝐷𝑡
𝑎2
 − 
1
3𝜋1/2
(
𝐷𝑡
𝑎2
)
3/2
+ ⋯               [Equation 6.6] 
 
   Where  𝑀𝑡 =  mass of drug released at time 𝑡  
       𝑀∞ =  mass of drug released as time approaches infinity                    
                 𝐷 =  diffusion coefficient 
                                           𝑡 =  time 
          𝛼  =  radius of cylinder 
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As the higher order terms are negligible, Equation 6.6 can be further simplified to Equation 6.7 for 
small diffusion times where 𝑀𝑡/𝑀∞ ≤ 0.6.
46,56 
 
𝑀𝑡
𝑀∞
 =  
4
𝜋1/2
(
𝐷𝑡
𝑎2
)
1/2
                                          [Equation 6.7] 
 
   Where  𝑀𝑡 =  mass of drug released at time 𝑡  
       𝑀∞ =  mass of drug released as time approaches infinity                    
                 𝐷 =  diffusion coefficient 
                                           𝑡 =  time 
               𝛼  =  radius of cylinder 
 
6.2 Experimental Design 
 
In order to investigate the potential of P(TMC-co-LLA) materials as drug eluding mats, the aim was 
for the model drug to be homogeneously incorporated into the P(TMC-co-LLA) electrospinning 
solution and subsequently processed into 3D mats through the electrospinning technique. However, 
initial studies identified that the model drug (toluidine blue) was not soluble in the 90/10 
CHCl3/DMF solvent system previously used for elecrospinning these P(TMC-co-LLA) materials 
(Chapter 5), and thus, identification of a suitable solvent/solvent mixture for both the dye and 
copolymer materials was necessary. 
 
6.2.1 Model Drug & Solubility Studies 
The dye 3-amino-7-(dimethylamino)-2-methyl phenothiazin-5-ium (toluidine blue), shown in 
Figure 6.1, was used as a model drug to assess the potential of these P(TMC-co-LLA) mats as drug 
eluting scaffolds. Toluidine blue dye has a very intense blue colour when in solution, and thus 
facilitates for ease of detection through spectroscopic methods during elution studies. It has a low 
molecular weight of 305.8 g/mol and has a positive charge in solution. Many drugs of low 
molecular weight that are charged, such as the antibiotic gentamicin which has desirable 
antimicrobial properties, are useful to incorporate into tissue engineered scaffolds.57 
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Figure 6.1. Chemical structure of toluidine blue.    
 
The dye was trialled, (approximately 2 mg), in a number of different solvents, (10 mL volume), and 
the relative solubility of the dye in the solvents was observed visually, Table 6.3.  
 
 
Table 6.3. Summary of the observational results obtained from adding toluidine blue into various 
solvents.  
Solvent Solubility 
Water High 
Methanol High 
Dimethylformamide Moderate/High 
Chloroform Moderate 
Acetone Moderate 
Dichloromethane Moderate 
Toluene Low 
Diethyl Ether Low 
n - Hexane Low 
Ethyl Acetate Low 
 
It was found that the initial solubility observations of the dye remain unchanged between 1 to 7 
days for all solvents, with the exception of dimethylformamide (DMF) which did change from 
displaying moderate to high solubility over the 7 day period indicating that dissolution is slow in 
this solvent.  This study identified both water and methanol to be good solvents for toluidine blue, 
with immediate dissolution which was retained over 7 days. Furthermore, it was found that 
toluidine blue remained soluble in MeOH/CHCl3 mixtures up to a solvent ratio of 1:225 when the 
dye was initially dissolved in MeOH.  
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6.2.2 Optimal Dye Loading Investigations 
The elution study depends upon accurate spectroscopic detection and quantification of the toludine 
blue in PBS. Hence, it is important to calculate the optimal amount of dye loading required for the 
electorpsun mat samples, so that accurate detection during elution is possible. The dye was 
dissolved in PBS and the visible spectrum (400 – 800 nm) recorded for a series of concentrations, 
Figure 6.2.   
 
 
 
Figure 6.2. Absorbance curves for toluidine blue in PBS at various concentrations.  
 
The visible spectrum of toluidine blue displays two peaks, one at 595 nm and one at 630 nm. At 
lower dye concentrations, up to 2.3 × 10-5 mol/L, the peak at 630 nm is most intense, however, at 
higher dye concentrations, above or equal to 2.8 × 10-5 mol/L, the peak at 595 nm gives the most 
intense absorbance signal. These observations have been seen previously, and it is understood that 
the phenothiazine dyes, such as toluidine blue, display an absorbance peak at around 626 nm at low 
concentrations when in their monomer form, however, at higher concentrations a new band at 590 
nm appears which is a result of the dye forming dimmers and higher aggregates.58,59 The 
wavelength of 595 nm was used to plot a standard curve for concentrations of 3.2 × 10-6 to 3.5 × 
10-5 mol/L, which gave an R2 value of 0.999 when a linear function was applied to the data and the 
molar absorptivity at λ = 595 nm was found to be ε = 32700 L mol-1 cm-1 ± 2 % error, Appendix(C) I.  
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The elution experiment was designed to use 30 mg samples and a volume of 30 mL. Using this 
information along the molar absorptivity and assuming 100 % elution of the dye, the minimum wt% 
of dye required to be incorporated into the mats for ideal detection at A = 1 was calculated to be ≥ 
0.94 wt%. Thus, 1 wt% dye loading was chosen to allow accurate spectroscopic detection during 
the elution studies.  
 
6.2.3 New Solvent System to Incorporate Dye  
With the insight that toluidine blue remained soluble in MeOH/CHCl3 mixtures up to a solvent ratio 
of 1:225 when the dye was initially dissolved in MeOH, and the knowledge that 1 wt% dye loading 
is required for accurate spectroscopic detection during the elution studies, the saturation point of the 
dye in methanol was undertaken. The saturation concentration of toluidine blue dye in methanol 
was determined to be 4.2 × 10-2 mol/L. Therefore, keeping the electrospinning solution at 25 wt%, 
as this concentration has already been shown to produce good electrospun mats (Chapter 5), 
dissolving the dye firstly in methanol would require the CHCl3/MeOH solvent mixture for spinning 
to be adjusted to a ratio of 81/19. Thus, a 80/20 CHCl3/MeOH solvent ratio was chosen to 
incorporate the dye into the electrospinning solution.  
 
In Chapter 5 it was demonstrated that P(TMC-co-LLA) copolymers of varying composition are 
elecrospinable over a wide range of parameter combinations. In the majority of these cases the 
resultant electrospun mats showed ideal morphological characteristics with smooth fibers and 
minimal fiber fusion or spreading at the points of attachment. Following on from this, it was 
desirable to investigate how incorporating a positively charged dye into the electrospinning solution 
affects the electrospinning process and the mat morphology. This study used three different 
copolymer compositions; P(TMC9-co-LLA91), P(TMC25-co-LLA75) and P(TMC36-co-LLA64). The 
collector plate was a 10 cm × 10 cm square of aluminium foil. All copolymer mats had previously 
been electrospun from a 90/10 CHCl3/DMF solvent mixture, Chapter 5. However, as previously 
mentioned in Section 6.2.3, to successfully incorporate 1 wt% toluidine blue dye into these 
copolymer mats via electrospinning, it was necessary to change the solvent mixture to 80/20 
CHCl3/MeOH. It has been demonstrated that changes in fiber diameter and fiber morphology occur 
when using different solvents during electrospinning.21,24-27 Thus, an additional solvent mixture of 
CHCl3/MeOH in a 90/10 ratio was utilised to process the P(TMC9-co-LLA91) copolymer so that the 
effect of changing the solvent from DMF to MeOH, on the morphology of the fibrous electrospun 
mats, could be evaluated, Section 6.3.1. In addition, the effect of changing the CHCl3/MeOH 
solvent ratio from 90/10 to 80/20 was investigated for the P(TMC9-co-LLA91) copolymer, Section 
6.3.1.1. The effect of adding a positively charged dye into the elecrospinning solution on the fiber 
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diameter and pore size of the mats is found in Section 6.3.2.1 for the P(TMC9-co-LLA91) copolymer 
and Section 6.3.2.2 for the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymers. In addition, 
DSC analysis was performed on the P(TMC25-co-LLA75) and P(TMC36-co-LLA66) copolymers, 
Section 6.3.3, to investigate the effect of adding dye on the thermal properties of the electrospun 
mats. The tensile properties of the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) mats incorporating 
the dye were tested after 1 day and 49 days of in vitro degradation, Section 6.3.4.  
 
Release systems have been studied using different experimental protocols which are generally fall 
under one of the following categories; sample and separate, flow-through cell and dialysis.60 In the 
currently study the most commonly employed sample and separate protocol was adopted to study 
the release kinetics for toluidine blue dye from P(TMC-co-LLA) fibrous mats whereby the dye 
delivery mats were submerged into PBS with a mass to volume ratio of 1 mg : 0.8 – 1.3 mL and 
kept within a water bath at 37 oC under static conditions. The elution of the dye from the 
electrospun mats was monitored over time under in vitro degradation conditions, Section 6.3.5, 
along with the water uptake and mass loss from these mats, Section 6.3.5.1. Lastly, the elution rate 
was modelled which assisted in determining the mechanism of dye release, Section 6.3.5.2.   
 
6.3 Results and Discussion 
 
6.3.1 Solvent Effects during Electrospinning 
The P(TMC9-co-LLA91) copolymer material was electrospun at 25 wt% from a 90/10 CHCl3/DMF 
solvent mixture and 90/10 CHCl3/MeOH solvent mixture using 17 kV voltage, 15 cm collector 
distance and 10 mL/hr feed rate. SEM images of the resultant mats are shown in Figure 6.3 and the 
average fiber diameter and the average pore size of these mats, as measured from SEM images, is 
displayed in Table 6.4. 
 
Table 6.4. Summary of the average fiber diameter and the average pore size of P(TMC9-co-LLA91) 
electrospun mats fabricated using different solvent mixtures at 25 wt%, 17 kV, 15 cm and 10 
mL/hr.  
Sample Name Solvent Mixture Morphology 
  Fiber Diameter (±SE) Pore Size (±SE) 
 (90/10) Ratio  (nm)  (nm)   
9-M9 CHCl3/DMF 614 (35) 3983 (210) 
9-M13 CHCl3/MeOH 2523 (64) 8062 (366) 
Note: SE refers to the standard error of the mean 
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Figure 6.3. SEM images of electrospun P(TMC9-co-LLA91) copolymer mats from 90/10 
CHCl3/DMF and CHCl3/MeOH solvent mixtures, at a set voltage of 17 kV, a collector distance of 
15 cm and a 10 mL/hr feed rate; (a) and (b) sample 9-M9; (c) and (d) sample 9-M13; (a) and (c) 
denote a 1000 magnification; (b) and (d) denote a 4000 magnification. 
 
It is evident from Figure 6.3 that the CHCl3/MeOH solvent mixture produces mats with 
significantly thicker fibers and larger pores as compared to the CHCl3/DMF solvent mixture when 
used to electrospin the P(TMC9-co-LLA91) material. It was found that changing the solvent from 
DMF to MeOH produced mats with fibers that are approximately four times thicker, and pores that 
are two times larger, as seen in Table 6.4. This result is likely attributed to the inherent differences 
between these solvents which are understood to influence the electrospinning process, including the 
boiling point of the solvent, dielectic constant and individual polymer-solvent intermolecular 
interactions.  
 
The rate of solvent evaporation during electrospinning is dependent upon a number of factors such 
as the boiling point of the solvent, the polymer concentration and the solution and ambient 
temperatures.26 During this study, the concentration of the P(TMC9-co-LLA91) was constant at 25 
wt% for both solvent mixtures. Additionally, all electrospinning was performed in the same 
laboratory with consistent methodology, and hence, it is assumed that the solution and the ambient 
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temperatures were constant during the electrospinning of these mats. Therefore, in the 
circumstances of this study, the rate of solvent evaporation during electrospinning is predominantly 
dependent upon the overall boiling point of the spinning solution. The boiling points of these 
solvents are significantly different at 153 °C for DMF19 and 65 °C for MeOH. Changing the solvent 
system from DMF to MeOH is theorised to increase the rate of solvent evaporation during spinning 
and thus increase the fiber thickness through increasing the viscosity of the ejected jet as a function 
of distance as it travels towards the collector plate. This theory is supported in the literature where it 
has been shown that the fiber diameters decrease with increasing boiling point of the solvents.21,24-27  
 
The dielectric constants for these solvents are also different; 36.7 for DMF19,24 and 33.0 for MeOH 
at 25 °C. This implies that the overall conductivity of the spinning solution will be lower when 
MeOH is used in the spinning solution mixture, as compared to DMF. It is known that increasing 
the conductivity and charge density through incorporating a solvent with a high dielectic constant 
can strongly affect electrospinning. Incorporating a solvent with a high dielectric constant into a 
solvent mixture, greatly enhances the splitting and splaying during spinning, and thus, thinner fibers 
are obtained.11,24-27,31 Hence, in this study, at the set voltage of 17 kV at which these mats were 
spun, it is theorised that the polymer solution with the higher dielectric constant (CHCl3/DMF 
solvent mixture) would be influenced by the applied voltage to a greater extent, as compared to the 
CHCl3/MeOH solvent mixture which has a lower dielectric constant. This theory supports the 
finding that the mats produced from the CHCl3/DMF solvent mixture had thinner fibers and smaller 
pores as compared to the mats electrospun from the CHCl3/MeOH solvent mixture. 
 
Lastly, the result of electrospinning mats with thicker fibers and larger pores when the solvent is 
changed from DMF to MeOH, may be attributed to the individual polymer-solvent intermolecular 
interactions. Different solvent systems can cause changes in the overall polymer solution viscosity 
and thus can greatly affect the fiber thickness through these viscosity changes.21,24-27 MeOH is a 
poor solvent for the P(TMC-co-LLA) materials,61 while these materials are soluble in DMF. Based 
on this knowledge, it is therefore predicted for these materials to be more viscous in the 
CHCl3/MeOH solvent mixture, as compared to the CHCl3/DMF solvent mixture, which is known to 
increase the average fiber diameter,21,31,62-66 (Chapter 5, Table 5.1). This supports the finding that 
the mats processed from the CHCl3/MeOH solvent mixture have significantly thicker fibers.     
 
In addition, the surface tension of MeOH is two orders of magnitude lower than that of DMF, 
0.0227 N/m versus 3.642 N/m,19 respectively, which means that the CHCl3/MeOH solvent mixture 
would have a lower overall surface tension than that of the CHCl3/DMF solvent mixture. The 
surface tension is known to affect both the Taylor cone and fiber formation during spinning,19,22,28 
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so the differences in surface tension between the electrospinning solutions may have contributed, in 
some way, to the different fiber diameters and pore sizes of the resultant electrospun mats. Other 
solution properties, however, such as the viscosity, are reported to significantly govern the 
morphology of electrospun mats, in comparison to the surface tension.22 Thus, the morphology of 
these electrospun mats are more likely the result of different solution viscosities and although they 
cannot be rules out, it is unclear exactly how the differences in surface tension have influenced the 
mat properties in this study.  
 
6.3.1.1    Solvent Ratio Effects  
In addition to investigating how changing the solvent influences the morphological 
properties of electospun P(TMC-co-LLA) materials, the effect of changing the solvent ratio was 
also investigated for the CHCl3/MeOH solvent mixture. The P(TMC9-co-LLA91) copolymer 
material was electrospun at 25 wt% from 90/10 and 80/20 CHCl3/MeOH solvent mixtures using 17 
kV voltage, 10 cm collector distance and 2 mL/hr feed rate. SEM images of the resultant mats are 
shown in Figure 6.4. 
 
 
Figure 6.4. SEM images of electrospun P(TMC9-co-LLA91) copolymer mats from a 90/10 and 
80/20 ratio solvent mixture of CHCl3/MeOH, at a set voltage of 17 kV, a collector distance of 10 
cm and a 2 mL/hr feed rate; (a) and (c) denote a 1000 × magnification; (b) and (d) denote a 4000 × 
magnification. 
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It is evident from Figure 6.4 that there are two main differences in these mats when electrospun 
from different CHCl3/MeOH solvent ratios. Firstly, increasing the methanol content from 10 to 20 
% appears to have produced mats with thinner fibers. Within the CHCl3/MeOH solvent system, the 
80/20 solvent ratio has an increased overall solution dielectric constant as compared to the 90/10 
solvent ratio, as MeOH has a higher dielectric constant of 33 compared to 4.7 for CHCl3 at 25 °C. 
Thus, the decrease in fiber diameter with increased dielectric constant of the spinning solution is in 
agreement with theory, Section 6.1.1.11,24,27,31 Secondly, increasing the methanol content from 10 to 
20 % introduces noticeable fiber fusion throughout the electrospun P(TMC9-co-LLA91) mats, Figure 
6.4. This result suggests that the 80/20 solvent ratio has a slower solvent evaporation rate, as the 
fibers are fused on deposition, while the 90/10 solvent ratio produces ideal mats with minimal fiber 
fusion at the points of attachment. A slower solvent evaporation rate may have occurred in the 
80/20 solvent ratio as MeOH has a slightly higher boiling point of approximately 4 °C, compared to 
CHCl3. However, this difference is likely not large enough to significantly affect the mat properties 
and produce the differences seen here, Figure 6.4. Changing from 10 to 20 % MeOH is likely to 
increase the viscosity of the spinning solution as MeOH is a non-solvent for P(TMC-co-LLA) 
materials. Solvent evaporation can be slower from more viscous solutions, and it has been found 
that increasing the solution viscosity can decrease the solvent evaporation rate and result in wet 
fibers reaching the collector plate.28 Thus, the wetter fibers obtained from the 80/20 solvent ratio are 
likely the result of increased viscosity of the spinning solution, compared to the 90/10 solvent ratio 
which is predicted to have a lower solution viscosity. Furthermore, this increase in viscosity appears 
to affect the solvent evaporation rates, however, not impact on the average fiber diameters of the 
fibers, as increased viscosity generally produces thicker fibers.21,31,62-66 The viscosity effects were 
likely negated by the enhanced dielectric constant of the spinning solution which counterbalanced 
and decreased the average fiber diameters. Furthermore, the slow evaporation rate of the solvents, 
due to the high solution viscosity, would further assist the production of thinner fibers when 
combined with a solution of high dielectric constant. 
 
6.3.2   Effect of Incorporating Toluidine Blue Dye on the Electrospinabiliy of P(TMC-co-LLA)     
           Copolymers  
Compared to the original solvent system employed to electrospin P(TMC-co-LLA) copolymers in 
Chapter 5, implementing the new 80/20 CHCl3/MeOH solvent system drastically affected the 
electrospinning behaviour of these materials and processing became significantly more challenging. 
This change is likely due to the combination of having faster solvent evaporation at the Taylor cone, 
as both CHCl3 and MeOH solvents have relatively low boiling points of 61 and 65 
oC, respectively, 
along with an overall increased solution viscosity, as MeOH is a non-solvent for these P(TMC-co-
LLA) copolymers. Furthermore, it was observed that copolymers of different composition; 
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P(TMC9-co-LLA91), P(TMC25-co-LLA75) and P(TMC36-co-LLA64), had different viscosities in the 
same 80/20 CHCl3/MeOH solvent system. Specifically, the P(TMC9-co-LLA91) copolymer had a 
small viscosity increase with the new solvent system, however the P(TMC25-co-LLA75) and 
P(TMC36-co-LLA64) copolymers were much more viscous as apparent from visual observation. 
This aligns with the contact angles of PLLA versus PTMC in that although both are hydrophobic 
materials, PTMC has a higher contact angle and so is more hydrophobic than PLLA and so should 
be less soluble in the polar MeOH solvent. The contact angles of all copolymer mats were measured 
which confirmed the increased hydrophobicity of the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) 
copolymers, 126 - 131o, versus the P(TMC9-co-LLA91) copolymer, 90
o.  
 
Adding 1 wt% toludine blue further increased the difficulty of electrospinning as the viscosity 
increased even further and many electrospinning parameter combinations that successfully 
electrospun copolymers in the 80/20 CHCl3/MeOH solvent system without dye did not produce 
mats with the incorporation of dye. If the parameters were kept constant, the electric field was no 
longer strong enough to attract the polymer/dye solution, because of the increased viscosity, and 
blobs were ejected from the needle tip in conjunction with the polymer jet such that both polymer 
blobs and fibers were collected on the grounded target, and thus, it was difficult to find parameter 
combinations that worked for both types of solutions. It was challenging to obtain a stable Taylor 
cone whilst spinning these solutions. Because of the bright blue colour of the dye, the Taylor cone 
was visually seen to have multiple jets initiating from it towards the collector, however, if the 
voltage was increased blobs collected onto the grounded plate, and if the voltage was decreased the 
Taylor cone became unstable and grew in size. The increase in viscosity was observable by eye and 
also evident by the fact that electrospinning parameter combinations that could successfully process 
the polymer solutions without dye, did not successfully process the polymer mixtures containing 
dye. Rheological changes in elecrospinning solutions has also been seen in other systems, including 
the addition of β-cyclodextrin (β-CD) to polyvinyl alcohol (PVA) in solution, which saw an 
increase in the solution viscosity which was directly correlated with the concentration of β-CD in 
PVA (i.e. the viscosity of β-CD/PVA solutions also increased with the concentration of β-CD in 
PVA).34 The influence of adding β-CD to these electrospinning solutions was explained by the 
intermolecular interaction between β-CD and PVA due to the formation of hydrogen bonding, 
causing the enhancement of the solution viscosity.34 Based on the increased viscosity observations 
in the systems that contained dye, within this study, it was inferred that the dye had hydrogen 
bonding and charge dipole intermolecular interactions with the copolymer chains in solution. 
Hydrogen bonding can take place between the –NH2 group of the dye to the oxygen’s in the 
copolymer backbone and charge dipole interactions between the positively charged nitrogen of the 
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dye to the oxygen’s in the copolymer backbone is also likely to take place. Furthermore, the 
increase in viscosity with the addition of dye was most noticeable in the P(TMC25-co-LLA75) and 
P(TMC36-co-LLA64) systems over the P(TMC9-co-LLA91) system, and thus is was further inferred 
that the dye/polymer interactions are more pronounced in the TMC segments than in the LLA 
segments.  
 
When the dye was incorporated into the elctrospinning solution the Taylor cone dried out quicker 
and so was more likely to attract blobs of polymer onto the collector plate, as compared to without 
dye. Solutions with increased viscosity have been shown to have slower evaporation rates28 and so 
this effect must be due to other differences in these solutions that affect the jet(s) initiation from the 
Taylor cone. It appears that the jet is not ejected as easily or as quickly when the dye is incorporated 
and so the polymer blob grows larger and remains connected to the needle tip by the surface tension 
and the high viscosity for a longer period of time and therefore dries out to a greater extent. As it is 
a more viscous solution, it requires a higher voltage to be attracted to the grounded collector plate 
and overcome these factors. However, if the voltage was kept constant for spinning of the 
copolymer, both in the presence and absence of the dye, a longer time is required before the electric 
field builds up enough charge in the polymer/dye droplet to overcome the forces holding the 
polymer and dye molecules in the Taylor cone, and thus, it dries out to a greater extent than the 
polymer solution without dye. Therefore, elecrospinning parameters were changed for each 
copolymer composition to obtain electrospun mats across many parameter combination and then 
these parameters specific to each composition were held constant for spinning with and without the 
presence of dye until a successful combination was found for both cases so that the effect of dye on 
the resultant electrospun mat morphology could be assessed. Not surprisingly, different 
electrospinning parameters were required to spin each copolymer composition investigated.  
 
6.3.2.1   P(TMC9-co-LLA91) Copolymer System  
Electrospinning the P(TMC-co-LLA) copolymers with dye was firstly conducted using the 
P(TMC9-co-LLA91) material which showed that the parameter combinations using a feed rate of 2 
mL/hr were not good and produced non-ideal mats, Appendix(C) II. Changing the feed rate to 5 
mL/hr successfully electrospun mats with and without dye across a range of parameter combination 
such that different trends were seen depending upon the parameters used during electrospinning, 
Table 6.5, Figure 6.5 and Appendix(C) III. 
 
High resolution SEM images demonstrate no significant difference in morphology between the neat 
and dye-loaded nanofibers, Figure 6.5. The dye loaded P(TMC9-co-LLA91) fibers appear uniform, 
smooth, bead-free and no dye crystals were detected on the surface of the fibers, indicating that the 
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dye was most likely homogeneously incorporated into the electrospun fibers, as has been seen with 
various electrospun drug/copolymer systems.4,32,33,36,38,45,51 These results confirm that the 80/20 
CHCl3/MeOH solvent mixture is a good system for the electrospinning of these P(TMC-co-LLA) 
materials into dye loaded mats. 
 
 
Figure 6.5. SEM images of electrospun P(TMC9-co-LLA91) copolymer mats without dye (9-M) and 
with dye (9-MDYE) at a 5 mL/hr feed rate and the voltage and collector distance parameters were; A 
= 17 kV & 10 cm; B = 19 kV & 15 cm; C = 24 kV & 10 cm. All images are taken at a 4000 
magnification. 
A
9-M 9-MDYE
B
C
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Table 6.5. Summary of the average fiber diameter and the average pore size of P(TMC9-co-LLA91) 
electrospun mats fabricated across different parameter combinations with 1 wt% toluidine blue dye 
in the electrospinning solution and without dye, i.e. 0 wt% dye loading. 
Electrospinning Parameters    Dye Loading Morphology 
Voltage Collector 
Distance 
Feed Rate  Fiber Diameter (±SE) Pore Size (±SE) 
(kV) (cm)  (mL/hr) (wt %)  (nm)  (nm)   
17 10 5 0 1545 (45) 5206 (193) 
   1 1548 (51) 8611 (341) 
19 15 5 0 1600 (58) 9163 (427) 
   1 1495 (41) 7087 (291) 
24 10 5 0 1470 (45) 7688 (425) 
   1 1145 (49) 4775 (155) 
Note: SE refers to the standard error of the mean 
 
6.3.2.2   P(TMC25-co-LLA75) and P(TMC36-co-LLA64) Copolymer Systems  
Solution concentrations of 25 wt% for the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) 
copolymers in the 80/20 CHCl3/MeOH solvent mixture were prepared and it was found that the 
P(TMC25-co-LLA75) copolymer solution was significantly more viscous than the P(TMC36-co-
LLA64) copolymer solution. The P(TMC25-co-LLA75) copolymer was shown to have an higher ?̅?n 
and crystallinity as compared to the P(TMC36-co-LLA64) copolymer, Chapter 4, and therefore 
should theoretically have an increased viscosity. Thus, the P(TMC25-co-LLA75) copolymer was not 
electrospinnable at 25 wt% unlike the P(TMC36-co-LLA64) copolymer which was able to be 
processed at 25 wt% using the following parameter conditions; 20 cm, 24 kV and 1 mL/hr. The 
P(TMC25-co-LLA75) copolymer was successfully electrospun when the solution concentration was 
reduced to 21 wt% under the following conditions; 15 cm, 25 kV and 1 mL/hr. The average fiber 
diameters and pore sizes of these mats with and without dye are displayed in Table 6.6 and are 
graphically depicted in Figure 6.6 with the statistically significant comparisons, (statistical analysis 
shown in Appendix(C) IV. Furthermore, Figure 6.7 shows the SEM images of these mats.  
  
Similar to the morphological features of the P(TMC9-co-LLA91) fibers in Section 6.3.2.1, high 
resolution SEM images of the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymers 
demonstrate no significant difference in morphology between the neat and dye-loaded nanofibers, 
Figure 6.7. In both instances, uniform, smooth, bead-free fibers were collected and no dye crystals 
were detected on the surface of the fibers, indicating that the dye was finely incorporated within the 
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electrospun fibers and could be evenly distributed throughout the fibrous mats, as has been seen 
with various electrospun drug/copolymer systems.4,32,33,36,38,45,51 It is evident from Table 6.6 and 
Figure 6.6 that the fiber diameter and pore size increased with incorporating 1 wt% toluidine blue 
for both copolymer materials. Upon addition of the dye, the fiber diameter significantly changes 
from 666 to 964 nm for the P(TMC25-co-LLA75) copolymer, and from 643 to 1055 nm for the 
P(TMC36-co-LLA64) copolymer, Table 6.6 and Figure 6.6(a). The electrospinning conditions used 
produced fibers that had similar fiber diameters and pore sizes for the two copolymers which was 
desirable as that allows direct comparison of drug elution and mechanical properties. Figure 6.6(b) 
shows that there is no significant change in the average pore size between the P(TMC25-co-LLA75) 
copolymer electrospun fibers with and without dye, despite their different fiber thicknesses, while 
the pores of the P(TMC36-co-LLA64) copolymer electrospun fibers with dye were significantly 
larger than those without dye, 3855 versus 3022 nm, respectively.  
 
Table 6.6. Summary of the average fiber diameter and the average pore size of P(TMC25-co-LLA75) 
and P(TMC36-co-LLA64) electrospun mats fabricated with 1 wt% toluidine blue dye in the 
electrospinning solution and without dye, i.e. 0 wt% dye loading.  
Sample Name Copolymer  Dye Loading Morphology 
   Fiber Diameter (±SE) Pore Size (±SE) 
  (wt %)  (nm)  (nm)   
25-M P(TMC25-co-LLA75) 0 666 (31) 3240 (112) 
25-MDYE P(TMC25-co-LLA75) 1 964 (42) 3857 (233) 
36-M P(TMC36-co-LLA64) 0 643 (16) 3022 (112) 
36-MDYE P(TMC36-co-LLA64) 1 1055 (36) 3855 (170) 
 
In general, the electrospun mats containing the dye have thicker fibers and larger pores than those 
spun without dye. This result is likely a direct effect of the increased viscosity in the copolymer 
solutions containing dye which is thought to be from hydrogen bonding and charge dipole 
interactions between the polymer chains and the dye molecule. Other polymer systems have also 
found larger average fiber thicknesses upon addition of small molecules. For instance, the fiber 
diameters of P(DLLA-co-GA) electrospun fibers were initially between 0.65 – 1.0 µm, which 
increased to between 1.27 – 2.03 µm with the incorporation of an neutral drug.38 Like-wise, 
incorporating β-CD into a PVA solution resulted in a higher solution viscosity and resulted in larger 
average fiber diameter and in general more bead free fibers,34 as did adding meloxicam suspended 
in water to PVA solutions as meloxicam has a low solubility in water and thus thicker fibers were 
electrospun from the more viscous spinning solution.12 The solution viscosity was also found to  
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Figure 6.6. Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for the mats 
processed from the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymers with a dye loading of 
either 0 or 1 wt%. Measurements that are statistically different from one another are displayed with 
a horizontal line above them and a symbol which refers to the significance value for that particular 
comparison such that * p < 0.01.  
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Figure 6.7. SEM images of electrospun P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymer 
mats from 80/20 CHCl3/MeOH solvent mixture; (a) and (b) sample 25-M; (c) and (d) sample 25-
MDYE; (e) and (f) sample 36-M; (g) and (h) sample 36-MDYE; (a), (c), (e) and (g) denote a 1000 
magnification; (b), (d), (f) and (h) denote a 4000 magnification. 
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increase upon incorporating tetracycline molecules at concentrations greater than 10 wt% into 1:1 
THF/DMF P(DLLA-co-GA) solutions.33 In another system, in addition to hydrogen bonding 
increasing the solution viscosity, it was also reported that the presence of a large number of 
orientated hydrogen bonds loosen the inner structure of the nanofibers and therefore increase the 
fiber diameter directly, in addition to the viscosity effects.45 Hence, the larger fiber diameters and 
pores seen in this system were likely obtained by a combination of increased viscosity and 
increased hydrogen bonding with the dye. In the current study, as the dye is a charged molecule, the 
polymer/dye solutions are expected to have an increased charge density which is known to reduce 
the fiber diameter through increased splitting and splaying of the jet during spinning.8,15,36,37 
However, the polymer/dye solutions produced mats with increased fiber diameter and therefore the 
increased conductivity is likely offset by the increased viscosity effect, which appears to be the 
more dominant parameter over the increased charged density. 
 
6.3.3 Thermal Properties of P(TMC25-co-LLA75) and P(TMC36-co-LLA64) Electrospun Mats   
To investigate the effect of incorporating the dye into the electrospun fibers, DSC analysis was 
performed on the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymer mats with and without 
the addition of dye. As mentioned in Section 6.3.2.2, the P(TMC25-co-LLA75) mats were 
electrospun using a 21 wt% concentration with 25 kV at a 15 cm collector distance and 1 mL/hr 
feed rate, while the P(TMC36-co-LLA64) mats were processed using a 25 wt% concentration with 24 
kV at a 20 cm collector distance and 1 mL/hr feed rate.  
 
Table 6.7 shows the thermal properties of the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) 
copolymers in their bulk form with the history of the precipitation process removed (2nd heating 
cycle), as compared to the processed electrospun mats without dye (M) and mats with dye (MDYE); 
with processing history (1st heating cycle) and without the processing history (2nd heating cycle). 
The corresponding DSC thermogram traces are presented in Figures 6.8 and 6.9 for the P(TMC25-
co-LLA75) and P(TMC36-co-LLA64) copolymers, respectively.  
 
The crystallinity content was found to change between the bulk form of each copolymer (2nd 
heating cycle) as compared to after electrospinning into mats (1st heating cycle), Table 6.7 and 
Figures 6.8 and 6.9. The first heating cycle of the mats each show a cold crystallisation peak which 
indicates that the polymer chains within these mats are becoming more ordered and forming 
crystalline regions at these elevated temperatures. The crystallinity within the mats in the first 
heating cycle has decreased for both copolymers as compared to the bulk due to fast solvent 
evaporation during processing which inhibits crystalline formation, which is in line with the 
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findings of previous researchers as discussed in detail in Chapter 5.28-30 The results of this 
experiment confirm that the crystallinity of the mats has been inhibited, suggesting that polymer 
chains, within both compositions, did not have time to fully arrange into an ordered crystalline 
structure before drying. This result correlates with the solvent mixture used which contained the 
highly volatile solvents CHCl3 and MeOH which have low boiling points of 61 and 65 °C, 
respectively. Furthermore, adding the dye was found to increase the crystallinity content within the 
fibrous mats (1st heating cycle) from 7.7 to 12.1 % for P(TMC25-co-LLA36) and from 2.4 to 4.4 % 
for P(TMC36-co-LLA64), Table 6.7. This result may be a direct result of the polymer/dye solutions 
having an increased viscosity which is expected to experience slower solvent evaporation and 
therefore can theoretically undergo a greater degree of chain alignment before ‘setting,’ supporting 
the formation of crystalline domains within the deposited fibers. Furthermore, the addition of dye 
into the polymer solutions essentially allows crosslinking between the polymer chains with the dye 
molecules and thus enhances polymer chain alignment and also supports the formation of 
crystalline domains. 
 
Table 6.7. Summary of results obtained from DSC analysis for the P(TMC25-co-LLA75) and 
P(TMC36-co-LLA64) copolymers in the bulk form and after electrospinning into fibrous mats. 
Copolymer 
Composition 
Thermal 
Properties 
Bulk 
Material 
Electrospun Mats  
   Without Dye 1 wt% Dye  
(mol %)   M a M MDYE a MDYE 
P(TMC25-co-LLA75) Tg (˚C) 40.4 44.3 40.0 42.2 38.5 
 Tc (˚C) - 90.5 - 85.0 - 
 Tm (˚C) 141.8, 156.7 159.4 142.0, 157.7 157.2 141.1, 156.1 
 ωc (%) 25.7 7.7 22.1 12.1 23.9 
P(TMC36-co-LLA64) Tg (˚C) 29.7 31.4 29.8 32.6 29.7 
 Tc (˚C) - 91.4 - 90.0 - 
 Tm (˚C) 134.4, 151.0 150.9 133.8, 150.3 151.5 134.2, 150.7 
 ωc (%) 14.2 2.4 14.8 4.4 12.1 
All DSC values were obtained from the 2nd heating cycle, unless otherwise stated 
a; values were obtained from the 1st heating cycle of the DSC thermogram; (-) = not detected. 
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Figure 6.8. DSC theromgrams of the P(TMC25-co-LLA75) material in bulk form versus electrospun 
mat form; (1) and (2) refer to the first and second heating scan, respectively; a and b denote mats 
without dye (25-M) and with 1 wt% dye (25-MDYE), respectively.  
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Figure 6.9. DSC theromgrams of the P(TMC36-co-LLA64) material in bulk form versus electrospun 
mat form; (1) and (2) refer to the first and second heating scan, respectively; a and b denote mats 
without dye (36-M) and with 1 wt% dye (36-MDYE), respectively.  
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With the exception of the increased crystallinity in the polymer/dye systems, the remaining thermal 
properties were relatively constant across both copolymer compositions between the M and MDYE 
mats in their first heating cycle, and when comparing the thermal properties of the M and M  DYE 
mats from their second heating cycle, Table 6.7 and Figures 6.8 and 6.9. This result suggests that 
the thermal properties of these materials are not significantly affected by the additional 
incorporation of the dye, with the exception of crystallinity which increases with dye incorporation. 
In addition, Table 6.7 and Figures 6.8 and 6.9 show that the second DSC scan of the electrospun 
mats (both with and without dye) has no cold crystallisation occurring. The lack of the cold 
crystallisation exotherm in the second heating scan suggests that the conditions under which the 
samples were solidified during DSC analysis (i.e. cooling rate of 10 °C/min) was sufficiently slow 
to allow the cooling polymer chains to organise and form crystalline regions within the polymer 
network. It is also noted that when the different heating cycles for all copolymer samples are 
compared, the second heating cycle consistently shows a crystalline region that melts at a lower 
temperature, which is not seen in the first heating cycles. This suggest that the cooling rate of 10 
°C/min is conducive to forming an additional crystalline region, with a Tm at approximately 141 ˚C 
and 134 ˚C for the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) materials, respectively, that is 
distinctly different to the crystalline regions normally seen in these materials that melt at around 
157 ˚C and 151 ˚C, respectively.  
 
When comparing the data from the first heating cycle to the second heating cycle for each mat with 
and without dye individually, across both copolymer compositions, there is a detectable decrease in 
the glass transition temperature by between 1.6 – 4.3 °C, Table 6.7. Furthermore, the corresponding 
DSC traces in Figure 6.8 show that the glass transition in the P(TMC25-co-LLA75) system displays 
an obvious endothermic peak, in addition to the usual step-wise change in the specific heat capacity, 
in the first heating cycles of the electrospun mats. This endothermic peak at the glass transition 
temperature (i.e. recovery peak) is characteristic of polymer chain relaxation, otherwise known as 
physical aging, taking place when the polymer is still in its glassy state, towards equilibrium.67-69 As 
mentioned in Chapter 5, Agarwal et al. has seen similar behaviour in P(TMC-co-LLA) materials 
and has reported that the rapid structure formation connected with electrospinning can give rise to 
strong deviations of the thermodynamic state from equilibrium.67 The recovery peak is only seen for 
the P(TMC25-co-LLA75) copolymer which indicates that this copolymer had detectable deviations 
from the thermodynamic state upon undergoing processing via electrospinning, while the P(TMC36-
co-LLA64) copolymer did not, Figure 6.9. This result implies that faster solvent evaporation 
occurred for the P(TMC25-co-LLA75) system as compared to the P(TMC36-co-LLA64) system. The 
second heating scan of the electrospun mats is almost identical to that of the bulk copolymer from 
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which it was made, Figures 6.8 and 6.9, which implies that these materials undergo no irreversible 
thermal changes through the electrospinning technique, within the capabilities of DSC analysis.  
 
6.3.4 Tensile Properties   
The P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymer mats with 1 wt% dye incorporation, 
samples 25-MDYE and 36-MDYE, underwent mechanical tensile testing during the in vitro 
degradation study. Dog-bone samples of each mat were submerged, in multiple repeats, in PBS at 
37 oC within a water bath for 1 or 49 days. To mechanically test these samples, each sample was 
removed and the thickness was measured, the sample was secured into the mechanical instron 
clamps, re-submerged into a submersion tank filled with 4 litres of PBS media at 37 °C, left to re-
equilibrate for 3 mins before undergoing tensile testing. A summary of the tensile measurements of 
these mats are displayed in Table 6.8, n = 5 – 11, and the stress-stain plots obtained for the repeats 
of each mat are shown in Appendix(C) V.  
 
Table 6.8. Summary of the average mechanical properties of the P(TMC25-co-LLA75) and 
P(TMC36-co-LLA64) electrospun mats along with the sample thickness and porosity with standard 
deviation as a function of in vitro degradation time. 
Sample Name Time in vitro Porosity          #Thickness E σmax   εbreak Toughness 
 (Days)  (%)   (µm) (MPa) (MPa) (%) (mJ/mm3) 
25-MDYE 
a 1 84 (3) 145 (20) 1.6 (0.4) 0.7 (0.1) 155 (10) 0.6 (0.1) 
25-MDYE 
c 49 85 (1) 157 (30) 2.3 (0.5) 0.7 (0.1) 115 (16) 0.5 (0.1) 
36-MDYE 
b 1 78 (4) 178 (46) 1.7 (0.4) 0.5 (0.1) 256 (47) 0.9 (0.4) 
36-MDYE 
d 49 75 (5) 161 (49) 2.9 (1.1) 0.5 (0.1) 136 (28) 0.6 (0.2) 
Number of repeats for tensile mechanical testing: a = 5, b = 6, c = 7, d = 11; # = hydrated sample 
thickness before testing. 
 
The average thicknesses of the 25-MDYE and 36-MDYE samples were generally comparable, 
although the 25-MDYE mats generally had higher porosity and were more homogeneous, as reflected 
by the low sample variability of 14 – 19 % in sample thickness, compared to the less porous 36-
MDYE mats with higher variation in sample thickness of 26 – 30 %. The most representative stress-
strain curve from each electrospun mat, from Appendix(C) V, has been overlaid onto a single plot, 
Figure 6.10. Looking at Table 6.8 and Figure 6.10, it can be seen that the elastic modulus tends to 
increase, while the elongation at fail decreases as a function of degradation time. Specifically, the 
25-MDYE and 36-MDYE mats have elastic moduli of 1.6 and 1.7 MPa at day 1, respectively, which 
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increased to 2.3 and 2.9 MPa after 49 days of in vitro degradation. Like-wise, the 25-MDYE and 36-
MDYE mats have elongations at fail of 155 and 256 % at day 1, respectively, which decreases to 115 
and 136 % after 49 days of in vitro degradation, Table 6.8. The other mechanical properties 
including the ultimate tensile strength and toughness did not change with in vitro degradation time, 
within error and within the time frame of the study. These results suggest that the tensile properties 
of these dye eluting mats are relatively constant across a 49 day in vitro degradation window, with 
the main changes being between a 1.4 to 1.7 times increase in stiffness and the elongation at fail 
being shortened to between 70 – 50 % of the original value. Overall, it has been demonstrated that 
the tensile properties of the dye eluting mats stay relatively constant throughout 7 weeks of in vitro 
degradation which is a very promising result for the use of these materials as vascular tissue 
engineered devices. The mechanical properties of these 25-MDYE and 36-MDYE mats after 1 day of 
in vitro degradation in PBS are compared to those by Mukherjee et al.29 which were of similar 
composition and tested at 37 oC, Table 6.9. 
 
Table 6.9. Comparison of the mechanical properties of P(TMC-co-LLA) electrospun mats tested at 
37oC from this project with those from another research group.  
Sample Fiber 
Diameter 
Thickness  Tg                   ωc  ?̅?n          E     σmax   εbreak   
 (nm)    (µm)    (ºC) (%) (kg/mol) (MPa) (MPa) (%) 
P(TMC25-co-LLA75) 
P(TMC36-co-LLA64) 
964 ± 42  
1055 ± 36 
145 ± 20 
178 ± 46 
42 
33 
12 
4 
53 
41 
1.6 ± 0.4 
1.7 ± 0.4 
0.7 ± 0.1 
0.5 ± 0.1 
155 ± 10 
256 ± 47 
P(TMC30-co-LLA70)
29 530 ± 110 30 ± 1  34 ND 84 19 ± 5 8.2 ± 0.6 187 ± 14 
   
In general the P(TMC30-co-LLA70) mats by Mukherjee et al.
29 have an increased elastic modulus 
and ultimate tensile strength by one order of magnitude compared to those of this study, Table 6.9. 
The increased mechanical properties are likely because of the increased molecular weight of the 
material of 84 kg/mol compared to between 41 – 53 kg/mol for the mats in this study. In addition, 
the P(TMC30-co-LLA70) electrospun mats were found to have some fiber fusion present at the 
points of attachment between the fibers which were not present in the 25-MDYE and 36-MDYE mats, 
Figure 6.7. As fusion between the fibers has been found to remarkably increase the elastic modulus 
of electospun mats,29 this is another reason why the mechanical properties are increased for the 
P(TMC30-co-LLA70) mats. Another point of difference which may have affected the mechanical 
properties is the presence of toluidine blue molecules within the 25-MDYE and 36-MDYE mats. In a 
drug loaded P(DLLA-co-GA) system, the mechanical properties were effectively enhanced due to 
the uniform dispersion and strong interactions between the drug molecules and the polymer 
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matrix.38 After drug incorporation the elastic modulus and tensile strength both increased from 58 
and 4.9 MPa to 166 and 8.5 MPa, respectively, making the nanofibrous mats significantly 
stronger.38 On the other hand, the incorporation of other small molecules such as vitamins into 
electrospun fibers of cellulose acetate has been found to have minimal effect on the tensile 
properties.32 In addition, the P(TMC30-co-LLA70) fibers are significantly thinner at 530 ± 110 nm 
compared to the fibers in the 25-MDYE and 36-MDYE mats which were approximately twice as thick 
which may have influenced the mechanical properties. Although, as mentioned in Chapter 5, the 
fiber diameter and pore size are directly interdependent (i.e. the mean pore radius decreases with 
decreased fiber width), while the pore size is inversely interdependent with porosity (i.e. decreased 
pore size increases porosity),70 and thus it is inferred that the thin fiberd P(TMC30-co-LLA70) mats 
should theoretically be more porous, which does not explain the improved mechanical properties. 
Another reason why the mechanical properties of the P(TMC30-co-LLA70) mats are increased 
compared to those of this study may be due to the fact that they are thinner samples, as was found in 
Chapter 4 during the mechanical testing of these materials in the form of solvent cast films. 
Furthermore, it has been reported that mats made from fibers of thin diameters generally have 
increased mechanical properties compared to mats made from fibers with thicker fiber diameters.71 
Lastly, crystallinity could also be another factor, however this could not be assessed as the 
crystallinity of the P(TMC30-co-LLA70) mats was not measured. 
 
As mentioned previously in Chapter 2, the specific mechanical properties of human coronary 
arteries fall within the range of 1.06 – 2.31 MPa for the elastic modulus, between 1.05 – 11.14 MPa 
for the ultimate tensile strength and range from 45 – 138 % for the elongation at fail.15,72-79 The 
P(TMC25-co-LLA75) and P(TMC36-co-LLA64) electrospun mats have an initial elastic modulus of 
1.6 and 1.7 MPa, respectively, which is in close agreement with the mechanical properties of human 
coronary arteries, Table 6.8. The mats also have sufficient elongations at fail of 155 % and 256 %, 
respectively. Promisingly, after 49 days of in vitro degradation the elastic modulus and elongation 
at fail of the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) electrospun mats remain within the 
appropriate range for coronary arteries. The ultimate tensile strength of the mats are however lower 
than ideal being between 0.5 – 0.7 MPa for both mats across the whole in vitro degradation study, 
Table 6.8. Therefore, the elastic modulus and elongation at fail of the 25-MDYE and 36-MDYE mats 
closely match those of human coronary arteries, while the ultimate tensile strengths are one order of 
magnitude lower than ideal. 
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Figure 6.10. Representative stress-strain curve for each mechanically tested electrospun mat with 
incorporation of 1 wt% dye. 
 
Despite the 25-MDYE and 36-MDYE mats being processed under different electorspinning conditions, 
they have similar fiber morphology, Figure 6.7, and have statistically similar average fiber 
thicknesses and pore sizes, Table 6.6, Figure 6.6 and Appendix(C) IV, thus making it possible to 
compare the effect the copolymer composition on the mechanical properties of these dye eluting 
mats as a function of in vitro degradation time. The 25-MDYE and 36-MDYE mats have comparable 
mechanical properties, Table 6.8, with the exception of εbreak which was increased for the 36-MDYE 
mats due to the increased amount of TMC content in this copolymer which has already been shown 
to increase the ductility of these copolymers, Chapter 4 and 5. After 49 days of in vitro degradation, 
this difference in ductility was reduced and both copolymers displayed comparable ductility’s of 
115 ± 16 and 136 ± 28 % for the 25-MDYE and 36-MDYE mats, respectively. Given that the 25-MDYE 
and 36-MDYE mats have comparable elastic moduli, ultimate tensile strengths and toughness 
suggests that the morphological properties of the electrospun mats such as the fiber diameters and 
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fiber diameter distributions, pore size and pore size distributions and fiber morphology greatly 
control the mechanical performance, whereas the extent of elongation of these mats is strongly 
governed by the material composition. In addition, the 25-MDYE mats have higher porosity (84 - 85 
%), 𝑇𝑔 (42.2 
oC) and crystallinity (12.1 %) compared to the 36-MDYE mats which have lower 
porosity (75 - 78 %), 𝑇𝑔 (32.6 
oC) and crystallinity (4.4 %), which are likely to have also impacted 
on the mechanical response of these mats. Given that their mechanical performance was the same 
within error, with the exception of the elongation at break, the improved mechanical performance 
expected from the higher 𝑇𝑔 and crystallinity values of the 25-MDYE mats must have been offset by 
the increased porosity in these mats. Like-wise the decreased mechanical performance expected 
from the lower 𝑇𝑔 and crystallinity values of the 36-MDYE mats must have been offset by the 
decreased porosity in these mats.  
 
It is generally understood that the tensile properties of electrospun mats depends not only on 
individual fiber features but most importantly on the fiber arrangement throughout the mat and on 
the extent of ‘fusion’ between the fibers.29 Specifically, high fiber fusion has been found to 
remarkably increase the elastic moldulus of electospun mats.29 The results obtained from the study 
show that the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) mats have the same mechanical 
properties for elastic modulus, ultimate tensile strength and toughness, within error, which is likely 
because they have very similar mat characteristics such as smooth homogeneous fibers with similar 
fiber arrangement and absence of fiber fusion, and statistically similar fiber diameters and pore 
sizes, Figure 6.7. However, the elongation at fail seems to be highly compositionally dependent. 
After 49 days of in vitro degradation the ultimate tensile strength and toughness properties remained 
constant within experimental error, while the elastic modulus and elongation at fail were 
significantly altered as a function of degradation time. In general, it is understood that the ultimate 
tensile strength of copolymers decreases with increasing in vitro degradation time due to a lowering 
of the molecular weight of the copolymer chains due to hydrolysis.68 As the ultimate tensile strength 
of the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) mats remained unchanged after 49 days of in 
vitro degradation, the mats have likely undergone limited chain scission up to this time point. In 
support of this theory, P(TMC-co-LLA) copolymer films have been shown to have a constant 
molecular weight up to day 34 during in vitro degradation, Chapter 4, after which chain scission 
begun and the polymer chains had significantly reduced length after 99 days as detected by GPC 
analysis. However, it is likely that chain hydrolysis has occurred to some extent within the 
copolymer nanofibers as the elastic modulus and elongation at fail were altered after 49 days in 
vitro. In addition, reduction in mechanical properties generally lags behind loss in molecular weight 
and it has been found that initially amorphous PLLA samples conserved their mechanical properties 
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for 12 weeks, while the molecular weight had decreased down to 43 % of the initial value in the 
same time period.80  
 
6.3.5 Dye Release Profiles  
Toluidine blue dye was loaded into the polymer solutions at a concentration of 1 wt% prior to 
electrospinning the 25-MDYE and 36-MDYE fibrous mats. Given that the dye was homogeneously 
dispersed throughout these polymer solutions, 100 % dye loading efficiency was assumed and the 
dye content was thus taken to be 1 wt% for each sample. Furthermore, as 𝑀∞ represents the amount 
of dye released at infinite time, this theoretically corresponds to the total amount of dye initially 
incorporated in the polymer.52 The in vitro toludine blue release from P(TMC-co-LLA) 25-MDYE 
and 36-MDYE fibrous mats with 1 wt% dye loading was monitored for a period of 10 weeks. The 
cumulative dye release as a function of degradation time is shown in Figure 6.11A. Despite the mats 
being processed from different copolymer compositions the dye release profiles were found to be 
the same within error and showed sustained dye release with minimal so-called ‘burst release’. At 
day 70, approximately 40 wt% of the dye had been released from the nanofibrous mats and the dye 
release rate decreased as a function of degradation time. It can be seen that the rate at which the dye 
was releasing during the earlier time points was faster than at the conclusion of the study, Figure 
6.11A. To gain a better understanding of these elution rates, and how they change with time for 
each dye loaded mat, linear functions were fitted to the data sets, Figure 6.11B. To do this the data 
points generated from the 25-MDYE and 36-MDYE mats were combined in different combinations 
and fitted to the smallest number of linear functions possible such that they also fulfilled an R2 > 
0.99. This approach meant that only those sub-sets of data points that gave an excellent fit to 
linearity were accepted to be representative of a separate stage in terms of the elution rate of the 
dye. Figure 6.11B shows that the 25-MDYE and 36-MDYE mats appear to have a small so-called 
‘burst release’ (i.e. initial release) of between 2.4 – 4.0 wt%, whereby the dye molecules most easily 
assessable to PBS (i.e. on the outmost surface of the fibers) dislodges from the fibers and enters the 
PBS media. It can also be seen that the mats have two distinct stages in which there are different 
dye elution rates. In the first stage, stage 1, the dye elution is the fastest eluting at 1.2 wt% per day 
for both mats which continues until approximately day 14, after which stage 2 begins where the 
elution rate of the dye decreases to 0.3 and 0.5 wt% per day for the 25-MDYE and 36-MDYE mats, 
respectively. The second stage lasts from day 14 throughout the remainder of the study. 
 
 
229 
 
 
 
 
Figure 6.11. Graphical representation of dye elution from 25-MDYE and 36-MDYE electrospun mats 
with 1 wt% dye loading made from P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymers, 
respectively. A is a standard graph depicting average elution values with errors bars of the 
cumulative error with n ≥ 5; B is with same data fitted to linear functions with R2 > 0.99. 
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In Figure 6.11B, both 25-MDYE and 36-MDYE copolymer mats are seen to have minimal (< 4.0 wt%) 
burst release of toluidine blue and gradual release profiles throughout the 10 weeks of in vitro 
degradation. The minimal burst release and gradual dye release suggests that the dye was 
compatible with the P(TMC-co-LLA) copolymer solutions during electrospinning leading to the 
dye being homogeneously incorporated within the polymer fibers.16,41 This is supported by the SEM 
images of these mats which showed no dye crystals being present on the fiber surfaces, Section 
6.3.2.2 Figure 6.7. Furthermore, the dye is likely incorporated into the amorphous regions within 
the fibers, as has been found previously by other researchers, due to the fast solvent evaporation 
associated with electrospinning process,12,16 which is in line with the limited crystallinity detected 
within the fibers from DSC analysis, Section 6.3.3.  
 
The dye release rates are gradual for both copolymer mats with the release rates decreasing as a 
function of in vitro degradation time, Figure 6.11B. During the initial stage of in vitro degradation, 
stage 1, the large dye concentration gradient drives the dye molecules near the surface of the fibers 
to be released from the fibers and diffuse from the polymer chains into the PBS media. As time 
progresses, stage 2 begins which is a slower release rate as the dye concentration gradient is 
lowered as the amount of dye located at the surface of the fibers has decreased and the diffusion of 
the dye molecules from within the centre of the fibers to the surface of the fiber is a relatively 
slower process.4,15,36  
 
6.3.5.1   Water Contact Angle, Water Uptake and Mass Loss of Electrospun Mats   
The wettability of polymers is an important parameter for both degradation and dye release,51 and 
thus, water contact angle measurements were conducted on the 25-MDYE and 36-MDYE electrospun 
mats to assess how the surface wettability is affected by the incorporation of the dye. Addition of 
dye did not have a significant effect on the wettability of the electrospun mats which all had water 
contact angles between 126o to 135o and are thus classed as hydrophobic materials, Appendix(C) 
VI. The similar degree of hydrophobicity of the 25-MDYE and 36-MDYE electrospun mats supports 
the identical dye release profiles obtained, Figure 6.11. Water uptake measurements were also taken 
for the 25-MDYE and 36-MDYE electrospun mats as a function of in vitro degradation time, Table 
6.10. 
 
Higher water uptake was seen in the 25-MDYE mats compared to the 36-MDYE mats, Table 6.10, 
however these differences in water uptake did not significantly affect the rate of dye release from 
these electrospun mats, as the 25-MDYE and 36-MDYE mats showed identical release profiles, Figure 
6.11. Mass loss was low at ≤ 3 wt% for both copolymer compositions up to day 66 which agrees 
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well with the sustained mechanical properties measured for these mats up to day 49 of in vitro 
degradation, Section 6.3.4, and with the low mass loss profiles seen in Chapter 4 within the same 
time frame for these P(TMC-co-LLA) materials in the form of solvent cast films. The high water 
uptake measured for the 25-MDYE mats of above 50 wt% after just 1 day of in vitro degradation is 
very different from that measured for the 36-MDYE mats of less than 20 wt% and contradicts the 
results found in Chapter 4 for the solvent cast films in two respects; firstly in that the highest water 
uptake occurs in the copolymer with the lowest TMC content, and secondly, significantly higher 
water uptake values are obtained for the mats in general compared to the solvent cast films. These 
differences suggest that the water uptake in the mats is dependent on other factors. Table 6.11 
shows some of the properties of the electorpsun mats to assist with understanding the higher water 
uptake in the mats. 
 
Table 6.10. Water uptake values for 25-MDYE and 36-MDYE electrospun mats as a function of in 
vitro degradation time. 
Time (Days) Water Uptake (%) 
 25-MDYE 36-MDYE 
1 57 (23) 18 (3) 
49 118 (18) 14 (7) 
66 109 (2) 18 (5) 
 
 
Table 6.11. Properties of the 25-MDYE and 36-MDYE electrospun mats before submersion in PBS at 
37 oC, with the exception of wet thickness and water uptake which were measured after submersion.  
Sample 
Name 
Porosity          𝑻𝒈 𝝎𝒄 Dry 
Thickness 
Wet 
Thickness # 
Water v  
Uptake # 
  (%)   (°C)   (%) (µm) (µm) (%) 
25-MDYE 84 (2) 42.2 12.1 78 (21) 152 (27) 118 (18) 
36-MDYE 76 (5) 32.6 4.4 121 (48) 167 (47) 14 (7) 
# = measured after 49 days of in vitro degradation 
 
The high water uptake values for these mats after 49 days of in vitro degradation is more likely due 
to water held within the pores of the mats rather than water uptake by the copolymer fibers of the 
mats, as inferred from Chapter 4 which showed ≤ 7.6 wt% up to day 99 for these P(TMC-co-LLA) 
materials in the form of solvent cast films. This appears to be especially applicable for the 25-MDYE 
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mats compared to the 36-MDYE mats, which shows a significantly greater increase in sample 
thickness and water uptake after 49 days of in vitro degradation despite having a higher glass 
transition temperature of 42.2 oC as compared to 32.6 oC, respectively. The reason for this 
difference is thought to be because the 25-MDYE mats possess higher overall porosity of 84 % as 
compared to 76 % for the 36-MDYE mats, thus allowing more water to remain trapped within the 
porous network.      
 
Given that the average fiber diameter and pore size of the 25-MDYE and 36-MDYE mats were found 
to be statistically identical, Appendix(C) IV, it is surprising that they have different porosities, as 
the pore size and porosity are interdependent properties.70 However, the 36-MDYE mats in particular 
were observed to shrink in size during drying under vacuum which may be why the porosity of 
these mats were lower than those measured for the 25-MDYE mats which maintained their original 
size upon drying. The reason for sample shrinking is thought to be due to the polymer chains being 
spun in a more elongated and stretched manner due to the higher TMC content within the P(TMC36-
co-LLA64) copolymer, which then undergoes chain relaxation and the fibers retract over time to 
achieve an equilibrium state. Furthermore, both mats were observed to shrink in size after being 
submerged in PBS during the in vitro degradation study. Low resistance to volume shrinkages has 
previously been seen for PTMC,81,82 PDLLA,3 P(TMC-co-DLLA)81,83 and P(TMC-co-LLA)84 
samples, with the volume changes generally increasing with more TMC content within the 
copolymers. Samples shrink because the chains begin to crystallise from being at an elevated 
temperature in combination with the plasticising effect of the water.85   
 
Overall, the 25-MDYE and 36-MDYE copolymer mats display the same dye release profiles within 
error, Figure 6.11. Based on the similar geometry (i.e. fiber diameter and pore size), molecular 
weight, microstructure and wettability of these mats this is an expected result.17 The points of 
difference between the mats, including the porosity, crystallinity, glass transition temperature and 
swelling behaviour are also known to affect the rate of small molecule release from polymer 
networks,44,82 however, it appears that any effects from these properties have been cancelled out and 
therefore no effect is seen overall and the mats display identical release profiles.  
 
6.3.5.2   Mechanism of Dye Release  
The experimental data obtained for the dye release for the 25-MDYE and 36-MDYE copolymer mats, 
i.e. fraction of diffused dye, was plotted against the square root of time, Figure 6.12. The 
experimental data of dye release fraction versus t 0.5 closely follows linearity, Figure 6.12, in 
agreement with Fickian diffusional-controlled dye release and a constant diffusion rate during the 
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entire length of the study. The P(TMC-co-LLA) copolymer dye delivery devices are biodegradable 
and therefore the dye release profiles are influenced by the degradation of the polymeric network. 
Specifically, in monolithic matrix-type delivery systems where the small molecules are 
homogenously incorporated into a degradable polymer matrix, such as in the 25-MDYE and 36-MDYE 
copolymer mats, the release is driven by the combination of a concentration gradient (i.e. diffusion 
of the small molecules within the polymer into the media) and mat degradation.18,50,51 From Chapter 
4 it can be inferred that these P(TMC-co-LLA) materials have minimal water uptake (< 7.6 wt%) 
and mass loss (< 2 wt%) upto day 99 under in vitro degradation conditions, and thus, the effects of 
polymer degradation are likely not significantly affecting the dye release from these nanofibers 
within the 70 day window investigated. Furthermore, the mechanical properties of the mats remains 
constant (Section 6.3.4), the mass loss was < 3 wt%, the dye release profiles were slow and gradual 
and the release rates decreased with time, all of which suggest minimal mat degradation has 
occurred within the time span of this study. Therefore, the dye release from the 25-MDYE and 36-
MDYE copolymer mats should theoretically be predominantly concentration dependent.
52  
 
 
 
Figure 6.12. Graphical representation of dye elution from 25-MDYE and 36-MDYE electrospun mats 
with 1 wt% dye loading made from P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymers, 
respectively, plotted against the square root of time. Data is fitted to linear functions with R2 > 0.99. 
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To describe the specific mechanism of dye release from the 25-MDYE and 36-MDYE copolymer mats, 
the natural log of the fractional dye release for each mat was plotted against the natural log of time, 
Figure 6.13. In this form the experimental data is related through Equation 6.7, which is simply the 
natural log of the Frisch equation (Equation 6.1), which allows the determination of n from the 
slope of the linear function.   
 
𝑙𝑛 (
𝑀𝑡
𝑀∞
) = 𝑛𝑙𝑛(𝑡) + 𝑙𝑛(𝑘)       (for 
𝑀𝑡
𝑀∞
≤ 0.6)          [Equation 6.7] 
 
   Where  𝑀𝑡 =  amount of dye released at an arbitrary time 𝑡  
      𝑀∞ =  amount of dye released at an infinite time                                  
         𝑘 =  constant relating to the properties of the matrix and dye 
                               𝑛 =  diffusional exponent characteristic of the release mechanism 
 
  
Figure 6.13. Graphical representation of the natural log of dye elution from 25-MDYE and 36-MDYE 
electrospun mats with 1 wt% dye loading made from P(TMC25-co-LLA75) and P(TMC36-co-LLA64) 
copolymers, respectively, plotted against the natural log of time. Data is fitted to linear functions 
with R2 ≥ 0.99. 
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When determining the mode of diffusion for the dye molecules from the electrospun mats, the 
geometry will be taken to be cylindrical, as the individual fibers that make up the mat are 
cylindrical rods in which their length is much larger than their radius.46 Figure 6.13 shows that n = 
0.49 and n = 0.60 for the 25-MDYE and 36-MDYE dye eluting devices, respectively, which were 
obtained with a high R2 values of 0.99 or greater. However, when fitting experimental data to 
Equation 6.5, even when R2 values of 0.99 are obtained, the calculated values of n are only 
indicative of the mechanism of transport if they fulfil 95% confidence intervals.52 Therefore, the 
error in n was determined using the program WinCurveFit which found the n value to range 
between 0.46 > n > 0.52 and 0.58 > n > 0.62, within a 95 % confidence interval for the 25-MDYE 
and 36-MDYE dye eluting devices, respectively. The range of n values indicate that the release 
mechanisms for the dye eluting mats closely follows Fickian diffusion where the release of the dye 
is driven by a concentration gradient and the rate of dye diffusion is much slower than the rate of 
relaxation of the copolymer chains. The n values occur over a range that also crosses into the region 
that is indicative of a non-Fickian/analomas diffusive mechanism for the dye from the electrospun 
mats. This may be because the copolymer fibers in the mats have abosbed water and thus have 
likely undergone a certain degree of swelling, as inferred from Chapter 4. This means that the 
assumption of constant geometry is not fulfilled and as such the diffusion of the dye deviates from a 
true Fickian mechanism.         
 
In fibrous drug delivery systems that follow a Fickian diffusion mechanism, drug release slows 
down as a function of in vitro degradation time primarily because of two reasons.17 Firstly, the total 
drug content entrapped within the fibers depletes over time, as the drug releases, and so the drug 
concentration gradient is reduced with the progress of diffusion. Secondly, diffusion initially occurs 
for the drug molecules that are most easily assessable to the media (i.e. located towards the surface 
of the fibers) and as these are released over time the remaining drug molecules are located towards 
the centre of the fibers and lead to slower release rates due to a longer distance of diffusion.4,15,17,36 
The diffusion of small molecules, such as the low molecular weight toluidine blue, would usually 
have diffusion coefficients (D) between 10-10 to 10-12 cm2/s, depending on the specific properties of 
the system under investigation. However, the diffusion coefficients for this study were calculated 
using Equation 6.7 to be many orders of magnitude smaller at 1.6 × 10-17 cm2/s and 7.2 × 10-19 
cm2/s for the 25-MDYE and 36-MDYE dye eluting devices, respectively. Obtaining extremely slow 
diffusion coefficients, such as these, indicates that the dye release rate from the electrospun fibrous 
delivery devices is greatly impeded, up and above what is normally seen for monolithic matrix 
delivery devices that follow a Fickian diffusion mechanism. This is thought to be due to two main 
effects which are discussed below. 
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Firstly, slow release profiles and small diffusion coefficients suggest strong interactions exist 
between the dye molecules and the copolymer chains (i.e. dye-polymer interactions) in PBS which 
favours the dye remaining within the copolymer matrix. The pKa of toluidine blue dye is 11.6 
86 and 
so when the dye is incorporated into the fibrous mats and submerged into PBS media at a pH of 7.4, 
the dye will be in its protonated form. As such, hydrogen bonding can take place between the 
protonated –NH2 group (i.e. –NH3+ group/analine) of the dye to the oxygen groups in the copolymer 
backbone. In addition, charge dipole interactions between the positively charged nitrogen of the dye 
to the oxygen groups in the copolymer backbone are also likely to take place. Furthermore, as chain 
hydrolysis takes place the number of chain ends increase which allows more dye-polymer 
interactions to occur and this effect becomes more pronounced as a function of degradation time. 
The rate of release within a given drug delivery system appears to be controlled by the balance 
between the drug-polymer, media-polymer and drug-media interactions. For example, when 
polymer nanofibers loaded with drug were immersed into PBS, it was favourable for the sulfonic 
acid and amide groups within the polymer to form intermolecular hydrogen bonding with water 
molecules and so the original drug-polymer interactions were replaced by media-polymer 
interaction resulting in the release of NIF molecules.45 In another system, two different drugs, 
rapamycine (rap) and cyclosporine A (CyA), were separately incorporated into P(TMC28-co-LLA72) 
copolymer devices.43 Over a 225 day release study the total release of the drugs was approximately 
8 % for rap and 18 % for CyA. The greater release rate of CyA was linked to its greater solubility in 
the media (i.e. stronger drug-media interactions) over rap.43 Furthermore, when the drug-polymer 
interactions are weak burst release of the drug has been seen of up to 90 % within the first day.9  
 
Secondly, another contributing factor for obtaining slow release kinetics in this study is the 
crystalline domains within the copolymer fibers. Another study found a low 37 % of the total 
loaded drug was released after 60 days from rods of 3.2 mm in diameter. The slow release was 
explained by the high hydrophobicity and crystallinity of the polymer.44 Crystalline domains slow 
down degradation and small molecules diffuse more slowly through a crystalline polymer than 
through an amorphous polymer.4 As the P(TMC-co-LLA) copolymer mats were found to be 
semicrystalline through DSC analysis containing between 4.4 – 12.1 % crystallinity, Table 6.4, it is 
assumed that some of the loaded dye will be incorporated into these crystalline domains. Thus, the 
release rate of the dye is expected to become slower as a function of in vitro degradation time.4 
Furthermore, other semicrystalline copolymer drug delivery devices were found to have increased 
crystallinity content as a result of their incubation time in PBS at 37 oC (i.e. annealing).4 Although 
no significant increase in the crystallinity content was seen for P(TMC-co-LLA) solvent cast films, 
Chapter 4, two characteristics of the electrospun mats suggest that crystallisation may have indeed 
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increased (i.e. annealing of the low molecular weight chains). These characteristics include; the 
mechanical properties which were sustained over 49 days in vitro, which may have been the result 
of increased crystallinity from the chain scission, and, the shrinkage of the samples upon 
submerging in PBS which is due to the crystallisation of the polymer chains.85   
 
After 10 weeks of in vitro degradation the study was concluded and approximately 40 wt% of the 
toludine blue that had originally been incorporated into the delivery devices had been released from 
the copolymer fibers. As these P(TMC-co-LLA) systems are degradable, it is expected that the rate 
of dye release will be accelerated as chain hydrolysis takes place, especially when the molecular 
weight reaches approximately 5 kg/mol, which was identified in Chapter 4 to be the critical 
molecular weight, after which mass loss from the samples is greatly accelerated. Although the 
sample geometry is different (films versus cylindrical fibers) which may influence the degradation 
profiles,83,87 it can still be inferred from Chapter 4 that the critical molecular weight of 5 kg/mol will 
likely be reached somewhere between 99 and 128 days of in vitro degradation. Thus, with longer in 
vitro degradation times, it is predicted that the dye release rate will be increased for the 25-MDYE 
and 36-MDYE dye eluting devices due to chain hydrolysis and mass loss from the devices. 
Furthermore, the release studies were conducted under static experimental conditions, and therefore, 
the dye release rates would be expected to increase for applications in high flow environments such 
as in blood vessel applications.  
 
6.4    Conclusions 
 
Electrospinning investigations using the P(TMC9-co-LLA91) copolymer found that changing the 
90/10 solvent system from CHCl3/DMF to CHCl3/MeOH produced mats with approximately four 
times thicker fibers and two times larger pores. This was attributed to; firstly, the lower boiling 
point of MeOH, 65 oC, compared to 153 oC for DMF meant faster solvent evaporation in the 
CHCl3/MeOH solvent system; secondly, the lower dielectric constant of the CHCl3/MeOH solvent 
system compared to CHCl3/DMF; thirdly, MeOH is a poor solvent for the P(TMC-co-LLA) 
materials and so the CHCl3/MeOH polymer solution was more viscous. Although it was generally 
more difficult to spin mats using MeOH, both solvent systems produced ideal mats and 
demonstrated similar extents of minimal fiber fusion. It was also found that changing the 
CHCl3/MeOH solvent ratio from 90/10 and 80/20 saw the introduction of fiber fusion throughout 
the P(TMC9-co-LLA91) electrospun mats and the fiber thickness decreased as the dielectric constant 
for MeOH was higher (33 compared to 4.7 for CHCl3). 
 It has been demonstrated that both CHCl3/DMF and CHCl3/MeOH solvent systems can be 
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used to electrospin P(TMC-co-LLA) copolymers, thus giving further control over the properties. 
The attainment of larger pore sizes by changing the solvent system opens new possibilities for using 
these P(TMC-co-LLA) materials in other soft tissue engineering applications. The work in this 
chapter also highlights that every time a new small molecule (i.e. drug or growth factor) is 
incorporated into electrospun fibers the solvent system may require optimization. Therefore, a 
realistic approach of making drug eluting fibres has been put forth which especially highlights the 
importance of optimisation steps during processing that may be necessary to transform any 
successful electrospinning set up to one that can also incorporate small molecules.  
 
Tolidine blue was successfully incorporated into electrospun P(TMC-co-LLA) fibers at a loading of 
1 wt% using a 80/20 CHCl3/MeOH solvent system. The dye loaded nanofibers were confirmed to 
be similar in morphology to those without dye. They were uniform, smooth, bead-free and no dye 
crystals were detected on the surface of the fibers. In general, the electrospun mats containing the 
dye had thicker fibers and larger pores than those without dye. The larger fiber diameters and pores 
were the result of an increased solution viscosity which was inferred to be the result of hydrogen 
bonding between the –NH2 group of the dye to the oxygen’s in the copolymer backbone, and, 
charge dipole interactions between the positively charged nitrogen of the dye to the oxygen’s in the 
copolymer.  
 
DSC analysis of the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) copolymer mats revealed that 
the polymer chains did not have time to fully arrange into an ordered crystalline structure before 
drying which correlated with the highly volatile 80/20 CHCl3/MeOH solvent mixture used. The 
thermal properties of these materials were not significantly affected by the additional incorporation 
of the dye, with the exception of crystallinity which tended to increase with dye incorporation. 
Addition of the dye saw the crystallinity content in the mats increase from 7.7 to 12.1 % and from 
2.4 to 4.4 % for the P(TMC25-co-LLA36) and P(TMC36-co-LLA64) copolymers, respectively. This 
result was linked to two factors; firstly the slower solvent evaporation of the more viscous 
polymer/dye solutions facilitated greater chain alignment before setting; and secondly crosslinking 
between the polymer chains and the dye. The second heating scan of the electrospun mats revealed 
that the materials undergo no irreversible thermal changes through the electrospinning technique, 
within the capabilities of DSC analysis. 
 
The tensile properties of the P(TMC25-co-LLA75) and P(TMC36-co-LLA64) dye eluting mats, 
samples 25-MDYE and 36-MDYE, respectively, remained constant throughout 7 weeks of in vitro 
degradation, suggesting limited chain scission had occurred within this time frame. The main 
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changes were a 1.4 to 1.7 times increase in stiffness and the elongation at fail shortened to 70 – 50 
% of the original value. This is a very promising result for the use of these materials as vascular 
tissue engineered devices. Furthermore, the elastic modulus and elongation at fail of the 25-MDYE 
and 36-MDYE mats were sufficient and within the appropriate ranges for applications as tissue 
engineered constructs for coronary arteries up to 49 days of in vitro degradation. The ultimate  
tensile strength of the mats, however, were one order of magnitude lower than ideal. Furthermore, 
mat characteristics such as fiber diameter, pore size and arrangement dominated the elastic 
modulus, ultimate tensile strength and toughness tensile properties of 25-MDYE and 36-MDYE 
electrospun mats, while the elongation at fail is highly compositionally dependent.  
 
The hydrophobic 25-MDYE and 36-MDYE copolymer nanofiber devices demonstrated < 4.0 wt% 
burst release and the same gradual release profile of toluidine blue indicating that the dye was 
homogeneously incorporated within the amorphous regions of the polymer fibers, and that the fiber 
diameter, pore size, molecular weight, microstructure and wettability were all important parameters 
in controlling the release profiles. 
 
The 25-MDYE mats were more porous than the 36-MDYE mats, 84 % versus 76 %, which allowed 
more water to remain trapped within the porous network, however, these differences in water 
uptake did not significantly affect the rate of dye release from these electrospun mats, as the 25-
MDYE and 36-MDYE mats showed similar release profiles. After 7 weeks of in vitro degradation 
approximately 33 % of the dye had been released from the nanofibrous mats and low mass losses of 
≤ 3 wt% agreed well with the sustained mechanical properties. At day 70 the dye release reached 
approximately 40 wt% while the mass loss remained at ≤ 3 wt% and the dye release rate decreased 
as a function of degradation time. 
 
A plot of fractional dye release versus t 0.5 was linear, suggesting a Fickian diffusional-controlled 
dye release mechanism. The n values were between 0.46 > n > 0.52 and 0.58 > n > 0.62, within a 95 
% confidence interval for the 25-MDYE and 36-MDYE dye eluting devices, respectively, indicating 
release mechanisms closely follows Fickian diffusion where the release of the dye is driven by a 
concentration gradient and the rate of dye diffusion is much slower than the rate of relaxation of the 
copolymer chains. The diffusion coefficients for this study were 1.6 × 10-17 cm2/s and 7.2 × 10-19 
cm2/s for the 25-MDYE and 36-MDYE dye eluting devices, respectively, indicating the dye release 
rate was greatly impeded compared to what is normally seen for monolithic matrix delivery devices 
that follow a Fickian diffusion mechanism. This was linked to two effects; firstly, hydrogen 
bonding between the protonated –NH2 group (i.e. –NH3+ group/analine) of the dye to the oxygen 
groups in the copolymer backbone; and secondly, the formation of crystalline domains. 
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This study confirmed that P(TMC25-co-LLA75) and P(TMC36-co-LLA64) electrospun mats are 
suitable drug delivery devices as demonstrated by sustained release, without burst, of toluidine blue 
in which 40 wt% of the total loaded dye was effectively delivered over a 70 day period. 
Furthermore, the mechanical properties of the dye eluting devices initially and after 7 weeks of in 
vitro degradation are appropriate for vascular tissue engineering applications, making these devices 
promising candidates for use as vascular graft mats. The dye release was mainly controlled by 
diffusion through the polymer matrix within the 49 days of the in vitro study, and thus, the 
degradation of the polymer is considered not to contribute within this time frame. However, at later 
time points it is expected that degradation will begin to affect and control the dye release profiles, 
especially when the molecular weight of the polymer chains reached 5 kg/mol and mass loss 
accelerates, as inferred from Chapter 4.   
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Chapter 7 
 
Final Conclusions and Future 
Directions 
 
7.1 Final Conclusions 
 
Over the course of this PhD P(TMC-co-LLA) copolymers of 14 different compositions were 
synthesised via ROP. The copolymers ranged from 9 to 100 mol% TMC, as identified through 1H 
NMR analysis. The number-average molecular weight of these copolymers ranged from 83 to 18 
kg/mol which consistently decreased as the molar TMC content increased, which is related to the 
impurities within the TMC monomer. The thermal properties showed lower 𝑇𝑔  values with 
increasing TMC content which agreed well with the Fox equation.  
 
Processing these copolymers into films and electrospun mats saw no significant change in the ?̅?n 
compared to the bulk form, as identified from GPC analysis, which indicated that these materials 
were not degraded to any significant extent by these processing methods. However, DSC analysis 
revealed that the thermal properties were affected by processing. A significantly reduced 𝑇𝑔 was 
detected in the films as compared to the bulk copolymers which indicated the presence of trapped 
residual solvent, while the mats displayed significantly lower crystallinity which was linked to the 
high volatility of CHCl3 which caused rapid solidification of the fibers during electrospinning and 
thus inhibited the crystallization process. In addition, an endothermic peak at the glass transition 
temperature was detected for the electrospun mats indicative that the polymer fibers within the mats 
have strong deviations of the thermodynamic state from equilibrium. These trends in the thermal 
properties of the mats were seen regardless of the specific parameter combinations employed during 
electrospinning, with the exception of when the mats were loaded with 1 wt% toludine blue which 
saw increases in the crystallinity due to the slower solvent evaporation of the more viscous 
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polymer/dye solutions which facilitated greater chain alignment before setting and due to 
crosslinking between the polymer chains and the dye. However, the second heating scan of all mats 
confirmed that no irreversible thermal changes are caused through the electrospinning process. 
 
A large degree of flexibility and control over the scaffold properties was demonstrated in this PhD 
through the choice of P(TMC-co-LLA) copolymer composition and the specific electrospinning 
parameters employed. The copolymer composition was found to significantly affect the morphology 
of electrospun mats. For example, the P(TMC9-co-LLA91) copolymer produced mats with average 
fiber diameters and pores that were significantly smaller than those of the P(TMC20-co-LLA80) and 
P(TMC32-co-LLA68) copolymers, processed under the same electrospinning conditions. This result 
was linked to differences in the solution viscosities, solvent evaporation rates, crystallinity and 
electrical conductivity between the solutions of different compositions which saw the P(TMC9-co-
LLA91) polymer jet experiencing a higher extent of elongation and thinning during its trajectory 
towards the collection plate. Furthermore, the P(TMC20-co-LLA80) mats were found to possess 
thicker fibers across all parameter combinations, as compared to P(TMC32-co-LLA68) mats. GPC 
analysis confirmed that the average molecular weight was approximately 10 kg/mol higher in the 
P(TMC20-co-LLA80) copolymer, suggesting thicker fibers were obtained due to higher viscosity. 
This was further supported by differences seen in the solvent evaporation rates between these two 
copolymers, such that, the P(TMC20-co-LLA80) copolymer displayed fused fibers, while the 
P(TMC32-co-LLA68) material produced ideal mats without fiber fusion under the same 
electrospinning conditions. In addition, it was observed that the P(TMC32-co-LLA68) mats tended to 
reduce in size once being removed from the collector plate. It was inferred that the P(TMC32-co-
LLA68) copolymer jet is undergoing enhanced elongational stretching and thinning, for a given set 
of parameters, as compared to the less elastic P(TMC20-co-LLA80) copolymer. Thus, the decreased 
fiber diameter and pore size of the P(TMC32-co-LLA68) copolymer may be due to higher elastic 
properties inherent within this material.  
 
The effect of specific electrospinning parameters such as the voltage, collector distance, polymer 
feed rate, solvent system and the addition of small charged molecules into the electrospinning 
solution were investigated in regards to their effect on the mats characteristics. Increases in the 
voltage generally resulted in mats with thinner fibers and smaller pores and in the P(TMC9-co-
LLA91) system specifically, 24 kV was ideal for producing defect-free smooth fibers, in contrast to 
17 and 30 kV which produced non-ideal mats with large fiber diameter variation and fused fibers. 
Increasing the polymer feed rate consistently increased the fiber thickness and pores in the 
electrospun mats, while changes in the collector distance saw very different effects across the 
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various copolymer compositions which was dependent upon the trade-off between the collector 
distance and effective voltage effects for each copolymer. Changing the solvent system from 
CHCl3/DMF to CHCl3/MeOH produced mats with approximately four times thicker fibers and two 
times larger pores. This was attributed to; firstly, the lower boiling point of MeOH, 65 oC, 
compared to 153 oC for DMF meant faster solvent evaporation in the CHCl3/MeOH solvent system; 
secondly, the lower dielectric constant of the CHCl3/MeOH solvent system compared to 
CHCl3/DMF; thirdly, MeOH is a poor solvent for the P(TMC-co-LLA) materials and so the 
CHCl3/MeOH polymer solution was more viscous. It was also found that changing the 
CHCl3/MeOH solvent ratio from 90/10 and 80/20 resulted in the introduction of fiber fusion 
throughout the P(TMC9-co-LLA91) electrospun mats and the fiber thickness decreased as the 
dielectric constant for the solution was higher (33 for MeOH compared to 4.7 for CHCl3). Tolidine 
blue was successfully incorporated into electrospun P(TMC-co-LLA) fibers at a loading of 1 wt% 
using a 80/20 CHCl3/MeOH solvent system. The dye loaded nanofibers were confirmed to be 
similar in morphology to those without dye, being uniform, smooth, bead-free and no dye crystals 
were detected on the surface of the fibers. In general, the electrospun mats containing the dye had 
thicker fibers and larger pores than those without dye. The larger fiber diameters and pores were the 
result of an increased solution viscosity which was inferred to be the result of hydrogen bonding 
between the –NH2 group of the dye to the oxygen groups in the copolymer backbone, and charge 
dipole interactions between the positively charged nitrogen of the dye to the oxygen groups in the 
copolymer. The parameter space investigations across the various P(TMC-co-LLA) compositions 
revealed a strong interdependence between the fiber diameter and pore size (R2 = 0.91) related 
through the equation: Pore Size (µm) = 3.17 × Fiber Diameter (µm) + 2.01 (µm). 
 
The in vitro degradation study undertaken in this PhD extended the knowledge of polyester 
carbonate polymers. Comparing the data obtained in this study to previous studies which have 
investigated the in vitro degradation of P(TMC-co-LLA) copolymers brings to light that 
degradation of these materials is a complex phenomenon that is not only compositionally dependent 
but also affected by other factors, of which, crystallinity appears to be a very dominant factor. A 
drastic reduction in ?̅? n was seen before any significant water uptake or mass loss occurred, 
suggesting that these P(TMC-co-LLA) copolymers undergo bulk degradation. More specifically, 
P(TMC-co-LLA) copolymer films with greater than 21 mol% TMC demonstrated a homogeneous 
bulk degradation mechanism, as identified through monomodal GPC traces throughout degradation, 
while the P(TMC16-co-LLA84) films undergo heterogeneous bulk degradation, as identified through 
bimodal GPC traces. Initially, the copolymers had between 3.3 – 6.7 % mass loss before any 
significant chain scission occurred due to the leaching of water soluble oligomers and/or low ?̅?n 
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species. The samples also experienced an induction period with minimal water uptake, < 10 %, due 
to the high hydrophobicity of the PTMC segments and high crystallinity of the PLLA segments, 
both limiting water diffusion into the polymer network. However, the water content drastically 
increased and samples reached hydration levels up to 500 % in the late stages of degradation. This 
was found to be compositionally dependent, such that copolymers with higher TMC content had 
increased water content. This was thought to be due to the lowered 𝑇𝑔 from submersion in PBS and 
the inherently lower crystallinity within the copolymers containing more TMC. At later stages of 
degradation, > 99 days, minimal mass loss was seen of < 8 %, while the ?̅?n had significantly 
decreased for all copolymer compositions by a minimum of 36 %, indicating chain cleavage into 
insoluble high ?̅?n fragments. A ?̅?n of 5 kg/mol was found to be the critical ?̅?n, below which, a 
drastic reduction in the remaining ?̅?n was seen along with enhanced water uptake and mass loss. 
Copolymers with higher water uptake were found to have an increased degradation rate, however, 
the two properties did not directly correlate. Furthermore, films of different starting ?̅?n were used 
throughout the study which had no effect on the degradation profiles of the copolymers.  
 
Dye loaded nanofibrous mats demonstrated gradual release profiles with < 4.0 wt% burst release 
indicating that the dye was homogeneously incorporated within the amorphous regions of the 
polymer fibers. The 25-MDYE mats were more porous than the 36-MDYE mats, 84 % versus 76 %, 
which allowed more water to remain trapped within the porous network, however, these differences 
in water uptake did not significantly affect the rate of dye release from these electrospun mats, as 
the 25-MDYE and 36-MDYE mats showed similar release profiles. The similar dye release profiles 
from the different copolymer compositions suggests that the fiber diameter, pore size, molecular 
weight, microstructure and wettability were all important parameters in controlling the release 
profiles, while the chemical composition was not, within the composition range studied. At day 70 
the dye release reached 40 wt% while the mass loss remained at ≤ 3 wt% and the dye release rate 
decreased as a function of degradation time. A plot of fractional dye release versus t 0.5 was linear, 
suggesting a Fickian diffusional-controlled dye release mechanism. The n values were between 0.46 
> n > 0.52 and 0.58 > n > 0.62, within a 95 % confidence interval for the 25-MDYE and 36-MDYE 
dye eluting devices, respectively, indicating release mechanisms closely follows Fickian diffusion 
where the release of the dye is driven by a concentration gradient and the rate of dye diffusion is 
much slower than the rate of relaxation of the copolymer chains. The diffusion coefficients were 1.6 
× 10-17 cm2/s and 7.2 × 10-19 cm2/s for the 25-MDYE and 36-MDYE dye eluting devices, respectively, 
indicating the dye release rate was greatly impeded compared to what is normally seen for 
monolithic matrix delivery devices that follow a Fickian diffusion mechanism. This was linked to 
two effects; firstly, intermolecular interactions between the dye and the copolymer; and secondly, 
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the formation of crystalline domains. At later time points it is expected that the dye release may be 
accelerated as polymer degradation will begin to affect and control the dye release profiles, 
especially when the molecular weight of the polymer chains reaches 5 kg/mol. 
 
The tensile properties of the P(TMC-co-LLA) copolymers were dependent on the copolymer 
composition when tested under both dry and wet conditions in the form of solvent cast films. 
Higher LLA content enhanced the stiffness, strength and toughness, while the TMC moieties 
promoted greater ductility. Sample thickness was also a determining factor such that thinner films 
tended to demonstrate enhanced stiffness, strength and toughness over thicker films, which was 
related to more residual solvent remaining in the thicker films which created a stronger plasticising 
effect and lowered the mechanical performance. Across the different copolymer compositions the 
films had elastic moduli between 2.8 – 330 MPa, ultimate tensile strengths between 0.6 – 19.8 MPa, 
had toughness values between 5 – 60 J/g in and elongations at fail between 356 – 1287 %. The films 
tested under wet conditions generally had improved mechanical properties which was attributed to 
the leaching of residual casting solvent/s from within the films which was supported by increased 
glass transition temperatures in the films after submersion in PBS, as detected by DSC analysis. 
When the copolymers were in the form of fibrous mats and tested under dry and wet conditions the 
morphological properties of the electrospun mats, such as the fiber diameter, pore size and porosity, 
greatly impacted the mechanical performance with respect to the elastic modulus and ultimate 
tensile strength, while the extent of elongation was strongly governed by the material composition. 
Specifically, thicker fibered, larger pored and low porosity mats were stiffer and had higher ultimate 
tensile strengths than did higher porosity, thinner fibered and smaller pore-sized mats. The 
toughness was found to have dual dependency with the dry mats showing compositional 
dependence, while the wet mats demonstrated morphological dependence. Specifically, the 
P(TMC25-co-LLA75) and P(TMC36-co-LLA64) electrospun mats loaded with 1 wt% dye (samples 
25-MDYE and 36-MDYE, respectively) had elastic moduli of 1.6 – 1.7 MPa and elongations at fail of 
155 – 256 % after 1 day of in vitro degradation, which are in close agreement with the mechanical 
properties reported for human coronary arteries being 1.06 – 2.31 MPa for the elastic modulus and 
from 45 – 138 % for the elongation at fail. Furthermore, after 49 days of in vitro degradation the 
elastic modulus and elongation at fail of the 25-MDYE and 36-MDYE mats remained sufficient and 
within the appropriate ranges for applications as tissue engineered constructs for coronary arteries. 
The ultimate tensile strength of the mats ranged from 0.5 – 0.7 MPa for both mats across the in vitro 
degradation study which were one order of magnitude lower than the ideal range of 1.05 – 11.14 
MPa as reported for human coronary arteries. The sustained mechanical properties throughout 49 
days of in vitro degradation is a very promising result for the use of these materials as vascular 
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tissue engineered devices and suggests limited chain scission in agreement with ≤ 3 wt% mass loss 
detected during dye elution studies.  
Overall this body of work has clearly demonstrated a further contribution to scientific 
knowledge and understanding regarding the P(TMC-co-LLA) copolymer system, especially in 
terms of the flexibility in properties attainable via different fabrication techniques and in the 
technology to allow for degradation and controlled drug release from electrospun mats. 
 
7.2 Future Directions 
 
This PhD study has demonstrated that P(TMC25-co-LLA75) and P(TMC36-co-LLA64) electrospun 
mats are suitable drug delivery devices as demonstrated by sustained release, without burst, of 
toluidine blue in which 40 wt% of the total loaded dye was effectively delivered over a 70 day 
period. Furthermore, the mechanical properties of the dye eluting devices initially and after 7 weeks 
of in vitro degradation are in close alignment with the mechanical properties of human coronary 
arteries and thus demonstrate great potential for use as vascular graft scaffolds. The flexibility 
offered in scaffold properties, not only through the choice of material composition but also the 
control over the electrospun mat architecture, leads to a very interesting and promising parameter 
space to be further investigated and fine tunned for potential scaffold applications in vascular tissue 
engineering.  
 
A recent review by Hasan et al.1 reported that poor control over the mechanical properties and 
degradation, and the lack of cell penetration into the small pores of mats are the two main 
challenges facing electrospun tissue engineered vascular grafts today. Ideally, through the 
incorporation of the optimised elastic and degradable polymeric scaffold gained from this project, 
the development of ‘artificial arteries’ grown in the peritoneal cavity will have greater success. 
Another approach is to use these scaffolds directly as vascular grafts. In this regard, blood 
biocompatibility will need to be optimised.2 Thus, the progress made in this PhD alleviates the first 
major challenge facing tissue engineered vascular grafts and based on this body of work it is 
recommended that the P(TMC-co-LLA) class of materials with compositions within the range of 15 
to 35 mol% TMC content be used in conjunction with the electrospinning technique to achieve the 
following aims;   
1. Electrospin mats across 15 to 35 mol% TMC content with varying average pore sizes and 
incorporate growth factors and/or drugs through the appropriate choice of electrospinning 
parameters as gained from the insights from this work including the voltage, collector 
distance, polymer feed rate, copolymer composition and solvent system employed. Use 
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these mats as substrates for in vitro cell migration and attachment assays to gain insight into 
how the copolymer composition, mat morphology (i.e. pore size) and growth factors/drugs 
affect cell behaviour and migration throughout the fibrous mats. An appropriate cell line 
includes human monocyte (THP-1) cells which are similar to macrophage cells which play 
an important part during the foreign body response and assist the formation of the fibrous 
capsule around the silastic tubing within the peritoneal cavity. Fluorescent microscopy is 
recommended to visualize cell distribution throughout the mats. 
2. Process the copolymers into 3D tubular constructs through the use a rotating circular 
mandrel, utilizing the insights gained from aim 1 (i.e. optimal copolymer compositions and 
mat morphology for adequate cell migration throughout the mats). Load the tubular 
constructs with the growth factors and/or drugs that were identified in aim 2 to give the most 
optimal cell response and/or elastin expression. The use of patterned collectors may be a 
possibility to increase the average pore sizes and/or high rotating speeds to introduce fiber 
alignment and in turn enhance the mechanical properties for more control with tailoring the 
properties of these materials in tubular construct form. 
3. Perform in vivo experiments so that the biological aspect and possible influence on the 
material properties can be evaluated. Implant the most promising combination of 
electrospun tubular P(TMC-co-LLA) constructs loaded with growth factors and/or drugs and 
use as a sleeve over the standard silastic tubing and place within the peritoneal cavity of 
animal subjects.2 Remove the scaffold-autologous biological device after sufficient 
encapsulation (approximately 2 – 3 weeks) and evaluate the viscoelastic behavior of these 
constructs through in vitro fatigue and cyclic testing to confirm properties and establish any 
advances in elastic response. In addition, in vitro pulsatile loading and burst strength testing 
is required to assess if the properties of these constructs closely mimic native tissues. This 
approach of ‘in vitro screening of properties’ allows for the optimisation in construct 
properties before progressing to in vivo animal trials. With knowledge of the best P(TMC-
co-LLA) copolymer constructs ± cells and growth factors, these ‘optimised’ constructs 
undergo in vivo grafting as a bypass graft in to the test subjects. Finally biological 
assessment of the effect of incorporating the elastic scaffold in terms of the cellular 
constituents of the vessel, elastin expression over time and graft patency. 
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APPENDIX A 
 
 
 
(A) I  Summary of GPC results for a comparison in  ̅ n and ÐM between the synthesized 
copolymer products in bulk form and solvent cast films dry and wet after PBS soaking. 
 
Sample Name  Bulk Copolymer    Film DRY Film WET 
  ̅n (kg/mol) ÐM  ̅n (kg/mol) ÐM  ̅n (kg/mol) ÐM 
P(TMC16-co-LLA84) 63 1.9 63 1.6 62 1.7 
P(TMC21-co-LLA79) 59 1.8 54 1.7 55 1.7 
P(TMC27-co-LLA73) 49 1.7 50 1.6 49 1.7 
P(TMC30-co-LLA70) 42 1.9 43 1.6 44 1.6 
P(TMC39-co-LLA61) 33 1.9 34 1.7 36 1.6 
P(TMC49-co-LLA51) 31 1.8 31 1.6 - - 
  (-) = Not Determined. 
 
ii 
 
(A) II GPC traces for synthesized copolymer products in bulk form and as solvent cast films dry 
and wet after PBS soaking. 
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(A) III Summary table of the average mechanical properties gained from tensile testing of the 
individual solvent cast films under dry conditions; E is elastic modulus; σmax is ultimate 
tensile strength; εbreak is elongation at fail. 
 
Copolymer Thickness  E σmax   εbreak  Toughness 
(mol %) (µm) (MPa)   (MPa) (%) (mJ/mm
3
) 
a
  P(TMC27-co-LLA73) * 280 34 5.2 407 16 
a
  P(TMC39-co-LLA61) ^ 100 21 3.8 924 26 
a
  P(TMC39-co-LLA61) * 230 7.9 1.2 785 8 
Number of repeats: a = 1. Film thicknesses; ^ thin individual film; * thick individual film; as 
compared to the average film thickness measured for the set of films of the same composition. 
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(A) IV Summary table of the mechanical properties gained from tensile testing of the individual 
solvent cast film under wet conditions; E is elastic modulus; σmax is ultimate tensile strength; 
εbreak is elongation at fail. 
 
Copolymer Thickness  E σmax   εbreak  Toughness 
(mol %) (µm) (MPa)   (MPa) (%) (mJ/mm
3
) 
a
  P(TMC39-co-LLA61) ^ 106 29 4.8 565 19 
Number of repeats: a = 1. Film thicknesses; ^ thin individual film; as compared to the average film 
thickness measured for the set of films of the same composition. 
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(A) V Plot of   ( ̅ ) versus   along with a summary table of the data obtained from this plot. Data 
was fitted to the following equation   ( ̅ )    ( ̅ 
 )      
 
 
 
 
 
 
 
Plot Legend Copolymer Equation k1 (  10
-2
 days
-1
) R² 
  P(TMC16-co-LLA84) y = -0.0098   + 3.179 0.98 0.93 
  P(TMC21-co-LLA79) y = -0.0083  + 2.9197 0.83 0.96 
  P(TMC27-co-LLA73) y = -0.0114   + 3.1691 1.14 0.92 
  P(TMC30-co-LLA70) y = -0.0077  + 2.6408 0.77 0.83 
 
 P(TMC39-co-LLA61) y = -0.0081  + 2.6009 0.81 0.80 
  P(TMC49-co-LLA51) y = -0.0089  + 2.8784 0.89 0.84 
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(A) VI   Plot of 
 
 ̅ 
 versus   along with a summary table of the data obtained from this plot. Data   
              was fitted to the following equation 
 
 ̅ 
 
 
 ̅ 
      
 
 
 
 
 
 
Plot Legend Copolymer Equation k2 ( 10
-3
 days
-1
) R² 
  P(TMC16-co-LLA84) y = 0.00134  + 0.01337 1.34 0.93 
  P(TMC21-co-LLA79) y = 0.00125  + 0.02793 1.25 0.95 
  P(TMC27-co-LLA73) y = 0.00131  + 0.02897 1.31 0.96 
  P(TMC30-co-LLA70) y = 0.00133  + 0.05532 1.33 0.87 
 
 P(TMC39-co-LLA61) y = 0.00139  + 0.07054 1.39 0.83 
  P(TMC49-co-LLA51) y = 0.00135  + 0.04442 1.35 0.78 
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APPENDIX B 
 
 
(B) I 
 
Table. Statistical analysis of average fiber diameters for P(TMC9-co-LLA91) mats. 
 
^ NOTE: If the Kolmogorov-Smirnov test gives p < 0.05 this means that normality cannot be 
assumed. In this case a non-parametric ANOVA Kruskal Wallis test is performed. To check the 
pair-wise comparisons a non-parametric Mann-Whitney U test is used. In order to reduce the 
chance of type I error, the p value must be adjusted by the Bonferroni Adjustment Factor when 
using the Mann-Whitney U test whereby; 
For 3 groups, p = 0.05/3 = 0.017 (Therefore a p < 0.017 is significant) 
For 4 groups, p = 0.05/6 = 0.0083 (Therefore a p < 0.0083 is significant) 
 
Electrospinning Conditions Descriptive 
Statistics 
Normality One-Way ANOVA 
Collector 
Distance 
(cm) 
Voltage 
(kV) 
Feed 
Rate 
(mL/hr) 
N Mean 
(nm) 
SD 
(nm) 
K-S Test Levene’s 
Test  
ANOVA  Tukey 
(^ Mann-
Whitney 
U Test) 
Games-
Howell 
10 24 2 61 664 224 0.212 0.496 0.001    0.002*  
15   61 530 196 0.310     0.008*  
20   61 547 222 0.185      0.900  
           
10 24 10 61 849 274 0.570 0.634 0.294    0.982  
15   61 858 280 0.472      0.322  
20   61 924 305 0.253      0.419  
           
15 17 2 61 532 228 0.090 0.000 0.000     0.999 
 24  61 530 196 0.310       0.000* 
 30  61 753 375 0.246       0.000* 
           
15 17 10 61 614 276 0.407 0.975 0.000    0.000*  
 24  61 858 280 0.472     0.020*  
 30  61 751 280 0.267      0.087  
           
15 24 2 61 530 196 0.310  0.000^        
  5 61 854 341 0.158        0.000*  
  10 61 858 280 0.472        
  20 61 954 490 0.018     
ix 
 
(B) II 
 
 
Table. Statistical analysis of average pore sizes for P(TMC9-co-LLA91) mats. 
 
 
 
 
 
 
 
 
  
Electrospinning Conditions Descriptive 
Statistics 
Normality One-Way ANOVA 
Collector 
Distance 
(cm) 
Voltage 
(kV) 
Feed 
Rate 
(mL/hr) 
N Mean 
(nm) 
SD 
(nm) 
K-S Test Levene’s 
Test  
ANOVA  Tukey 
 
Games-
Howell 
10 24 2 61 2184 723 0.808 0.000 0.000     0.000* 
15   61 3869 1486 0.164      0.000* 
20   61 3533 1450 0.687       0.417 
           
10 24 10 61 4869 1522 0.853 0.072 0.012    0.988  
15   61 4922 2255 0.748      0.022*  
20   61 5815 2010 0.635      0.033*  
           
15 17 2 61 4351 1546 0.761 0.570 0.128    0.202  
 24  61 3869 1486 0.164     0.995  
 30  61 4377 1616 0.693      0.169  
           
15 17 10 61 3984 1643 0.398 0.093 0.031    0.026*  
 24  61 4922 2255 0.748     0.187  
 30  61 4615 2003 0.614      0.669  
           
15 24 2 61 3869 1486 0.164 0.000 0.000        0.001*      
  5 61 5572 2929 0.078      0.015*       
  10 61 4922 2255 0.748         
  20 61 8042 3307 0.205    0.000* 
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(B) III 
 
 
Figure. SEM images of electrospun P(TMC9-co-LLA91) copolymer mats at collector distances of 
10, 15 and 20 cm, a set voltage of 24 kV and a 10 mL/hr feed rate; (a) and (b) sample 9-M4; (c) and 
(d) sample 9-M5; (e) and (f) sample 9-M6; (a), (c) and (e) denote a 1000 magnification; (b), (d) and 
(f) denote a 4000 magnification. 
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(B) IV 
 
 
 
Figure. SEM images of electrospun P(TMC9-co-LLA91) copolymer mats at feed rates of 2 and 10 
mL/hr, a set voltage of 24 kV and a collector distance of 10 cm (images (a) and (c)) or 20 cm 
(images (b) and (d)); (a) sample 9-M1; (b) sample 9-M3; (c) sample 9-M4; (d) sample 9-M6; all 
images taken at a 4000 magnification. 
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(B) V 
 
 
Table. Statistical analysis of average fiber diameters for P(TMC20-co-LLA80) mats. 
 
^ NOTE: If the Kolmogorov-Smirnov test gives p < 0.05 this means that normality cannot be 
assumed. In this case a non-parametric ANOVA Kruskal Wallis test is performed. To check the 
pair-wise comparisons a non-parametric Mann-Whitney U test is used. In order to reduce the 
chance of type I error, the p value must be adjusted by the Bonferroni Adjustment Factor when 
using the Mann-Whitney U test whereby; 
For 3 groups, p = 0.05/3 = 0.017 (Therefore a p < 0.017 is significant) 
For 4 groups, p = 0.05/6 = 0.0083 (Therefore a p < 0.0083 is significant) 
 
Electrospinning Conditions Descriptive 
Statistics 
Normality One-Way ANOVA 
Collector 
Distance 
(cm) 
Voltage 
(kV) 
Feed 
Rate 
(mL/hr) 
N Mean 
(nm) 
SD 
(nm) 
K-S Test Levene’s 
Test  
ANOVA  Tukey 
(^ Mann-
Whitney 
U Test) 
Games-
Howell 
10 24 2 183 2483 581 0.024  0.000^    0.513  
15   61 2471 335 0.089    0.000*  
20   61 2790 354 0.176      0.000*  
           
10 24 10 - - - -     
15   - - - -     
20   61 4972 681 0.504     
           
15 17 2 61 2795 270 0.029  0.000^    0.000*  
 24  61 2471 335 0.089     0.000*  
 30  61 2188 529 0.180      0.000*  
           
15 17 10 - - - -     
 24  - - - -     
 30  - - - -     
           
15 24 2 61 2471 335 0.310  0.000^    0.000*      
  5 61 3822 660 0.158       0.000*        
  10 - - - -      0.000*  
  20 183 5922 1657 0.006         
xiii 
 
(B) VI 
 
Table. Statistical analysis of average pore sizes for P(TMC20-co-LLA80) mats. 
 
^ NOTE: If the Kolmogorov-Smirnov test gives p < 0.05 this means that normality cannot be 
assumed. In this case a non-parametric ANOVA Kruskal Wallis test is performed. To check the 
pair-wise comparisons a non-parametric Mann-Whitney U test is used. In order to reduce the 
chance of type I error, the p value must be adjusted by the Bonferroni Adjustment Factor when 
using the Mann-Whitney U test whereby; 
For 3 groups, p = 0.05/3 = 0.017 (Therefore a p < 0.017 is significant) 
For 4 groups, p = 0.05/6 = 0.0083 (Therefore a p < 0.0083 is significant) 
 
 
 
 
 
 
 
 
 
 
 
 
Electrospinning Conditions Descriptive 
Statistics 
Normality One-Way ANOVA 
Collector 
Distance 
(cm) 
Voltage 
(kV) 
Feed 
Rate 
(mL/hr) 
N Mean 
(nm) 
SD 
(nm) 
K-S Test Levene’s 
Test  
ANOVA  Tukey 
(^ Mann-
Whitney 
U Test) 
Games-
Howell 
10 24 2 183 8357 3259 0.112  0.000^    0.000*  
15   61 10654 3566 0.128    0.000*  
20   61 11754 3102 0.666      0.157  
           
10 24 10 - - - -     
15   - - - -     
20   61 19780 5571 0.546     
           
15 17 2 61 11861 3802 0.546  0.000^    0.137  
 24  61 10654 3566 0.128    0.050*  
 30  61 10372 3019 0.814      0.895  
           
15 17 10 - - - -     
 24  - - - -     
 30  - - - -     
           
15 24 2 61 10654 3566 0.128  0.000^    0.000*  
  5 61 18606 4746 0.909    0.000*  
  10 - - - -   
    
   0.447  
  20 183 19807 6497 0.014     
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(B) VII 
 
 
 
Figure. SEM images of electrospun P(TMC20-co-LLA80) copolymer mats at voltages of 17, 24 and 
30 kV, a set collector distance of 15 cm and a 10 mL/hr feed rate; (a), (c) and (e) denote a 500 
magnification; (b), (d) and (f) denote a 1000 magnification. 
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(B) VIII 
 
 
Figure. SEM images of electrospun P(TMC20-co-LLA80) copolymer mats at feed rates of 2 and 10 
mL/hr, a set voltage of 24 kV and a collector distance of 20 cm; (a) sample 20-M3; (b) sample 20-
M6; all images taken at a 2000 magnification. 
(b) (a) 
2 mL/hr 10 mL/hr 
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(B) IX 
 
Table. Statistical analysis of average fiber diameters for P(TMC32-co-LLA68) mats. 
 
^ NOTE: If the Kolmogorov-Smirnov test gives p < 0.05 this means that normality cannot be 
assumed. In this case a non-parametric ANOVA Kruskal Wallis test is performed. To check the 
pair-wise comparisons a non-parametric Mann-Whitney U test is used. In order to reduce the 
chance of type I error, the p value must be adjusted by the Bonferroni Adjustment Factor when 
using the Mann-Whitney U test whereby; 
For 3 groups, p = 0.05/3 = 0.017 (Therefore a p < 0.017 is significant) 
For 4 groups, p = 0.05/6 = 0.0083 (Therefore a p < 0.0083 is significant) 
 
Electrospinning Conditions Descriptive 
Statistics 
Normality One-Way ANOVA 
Collector 
Distance 
(cm) 
Voltage 
(kV) 
Feed 
Rate 
(mL/hr) 
N Mean 
(nm) 
SD 
(nm) 
K-S Test Levene’s 
Test  
ANOVA  Tukey 
(^ Mann-
Whitney 
U Test) 
Games-
Howell 
10 24 2 183 1717 320 0.262 0.206 0.200    0.776  
15   61 1749 245 0.150     0.177  
20   61 1799 334 0.117      0.640  
           
10 24 10 - - - -     
15   61 3003 513 0.669 0.089 0.704   
20   61 3035 420 0.760     
           
15 17 2 61 1862 358 0.589 0.013 0.000     0.109 
 24  61 1749 245 0.150      0.000*  
 30  61 1605 256 0.860       0.006* 
           
15 17 10 61 3588 818 0.377 0.032 0.000     0.000* 
 24  61 3003 513 0.669      0.000* 
 30  61 2824 574 0.444       0.170 
           
15 24 2 61 1749 245 0.150 0.000  0.000               
     0.015*    
  5 61 1617 268 0.796     0.000*             0.000*          
  10 61 3003 513 0.669              
  20 183 3599 936 0.007  0.000^         
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(B) X 
 
Table. Statistical analysis of average pore sizes for P(TMC32-co-LLA68) mats.  
 
^ NOTE: If the Kolmogorov-Smirnov test gives p < 0.05 this means that normality cannot be 
assumed. In this case a non-parametric ANOVA Kruskal Wallis test is performed. To check the 
pair-wise comparisons a non-parametric Mann-Whitney U test is used. In order to reduce the 
chance of type I error, the p value must be adjusted by the Bonferroni Adjustment Factor when 
using the Mann-Whitney U test whereby; 
For 3 groups, p = 0.05/3 = 0.017 (Therefore a p < 0.017 is significant) 
For 4 groups, p = 0.05/6 = 0.0083 (Therefore a p < 0.0083 is significant) 
 
 
 
Electrospinning Conditions Descriptive 
Statistics 
Normality One-Way ANOVA 
Collector 
Distance 
(cm) 
Voltage 
(kV) 
Feed 
Rate 
(mL/hr) 
N Mean 
(nm) 
SD 
(nm) 
K-S Test Levene’s 
Test  
ANOVA  Tukey 
(^ Mann-
Whitney 
U Test) 
Games-
Howell 
10 24 2 183 5968 1834 0.217 0.528 0.284    0.953  
15   61 6044 1701 0.839      0.253  
20   61 6379 1559 0.944      0.543  
           
10 24 10 - - - -     
15   61 11504 4623 0.127 0.495 0.000   
20   61 14550 4081 0.628      0.000*  
           
15 17 2 61 9524 2799 0.417 0.002 0.000     0.000* 
 24  61 6044 1701 0.839    0.000* 
 30  61 5424 1787 0.191       0.126 
           
15 17 10 61 12445 4094 0.104 0.096 0.105    0.423  
 24  61 11504 4623 0.127    0.088  
 30  61 10851 3667 0.167      0.660  
           
15 24 2 61 6044 1701 0.839 0.000 0.000               0.999     
  5 61 6026 2284 0.162        
  10 61 11504 4623 0.127   0.000*        0.000* 
  20 183 13300 4957 0.008  0.000^ 0.002*  
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(B) XI 
 
 
Figure. SEM images of electrospun P(TMC32-co-LLA68) copolymer mat at a collector distance of 
10 cm, a set voltage of 24 kV and a 10 mL/hr feed rate; sample 32-M4; (a) denotes a 1000 
magnification; (b) denotes a 2000 magnification. 
(b) (a) 
1
0
 c
m
  
xix 
 
(B) XII 
 
 
Figure. SEM images of electrospun P(TMC32-co-LLA68) copolymer mats at feed rates of 2 and 10 
mL/hr, a set voltage of 24 kV and a collector distance of 20 cm; (a) and (b) sample 32-M3; (c) and 
(d) sample 32-M6; (a) and (c) denote a 500 magnification; (b) and (d) denote a 2000 magnification. 
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(B) XIII 
 
Table. Summary of the average pore sizes and normalised pore sizes of the electrospun P(TMC-co-
LLA) mats. 
Composition 
(mol% TMC) 
Average Pore Size                         
(um) 
Normalized Pore Sizes against 9 
mol% Copolymer 
 M2 M3 M6 M11 M12 M2 M3 M6 M11 M12 
9.0 3.87 3.53 5.82 5.57 8.04 1.00 1.00 1.00 1.00 1.00 
20 10.65 11.75 19.78 18.61 19.81 2.75 3.33 3.40 3.34 2.46 
32 6.04 6.38 14.55 6.03 13.30 1.56 1.81 2.50 1.08 1.65 
Electrospinning conditions were 24 kV with; a: 15 cm & 2 mL/hr, b: 20 cm & 2 mL/hr, c: 20 cm & 
10 mL/hr, d: 15 cm & 5 mL/hr, e: 15 cm & 20 mL/hr. 
 
 
Figure. Scatter plot of the normalised average pore sizes from table. 
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(B) XIV: Stress-strain curves in multiple repeats for the copolymer mats M1 and M12; (a) denotes   
                P(TMC20-co-LLA80) material; (b) denotes P(TMC32-co-LLA68) material.  
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APPENDIX C 
 
 
(C) I
 
 
Figure. Scatter plot of the various solution concentrations of toluidine blue dye in PBS and  
corresponding absorbance readings obtained from the spectrometer at λ = 595 nm. 
 
 
Table. Molar absorptivity corresponding to each solution from the standard curve at λ = 595 nm.   
Solution A 
Wavelength 
(nm) 
Concentration 
(mol/L) 
Path Length 
(cm) 
ε 
(L/cm.mol) 
1 0.33993518 594.98 1.03545E-05 1 32830 
2 0.49823853 594.98 1.47921E-05 1 33683 
3 0.65114868 594.98 1.94147E-05 1 33539 
4 0.76484042 594.98 2.30100E-05 1 33240 
5 0.91791034 594.98 2.82395E-05 1 32504 
6 1.11349797 594.98 3.45149E-05 1 32261 
7 0.23931152 595.00 7.39600E-06 1 32357 
8 0.19023110 595.00 5.75200E-06 1 33072 
9 0.13741867 595.00 4.31400E-06 1 31854 
10 0.10202325 595.00 3.23500E-06 1 31537 
    
Average 32688 
    
SD 709 
    
SD (%) 2 
y = 32581x + 0.0034
R
2
 = 0.9992
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(C) II 
 
Figure. SEM images of electrospun P(TMC9-co-LLA91) copolymer mats without dye (9-M) and 
with dye (9-MDYE) at a set voltage of 17 kV and 2 mL/hr feed rate; (A) and (B) refer to a collector 
distance of 10 and 20 cm, respectively. All images are taken at a 4000 magnification. 
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(C) III 
 
  
 
 
Figure. Bar graph of the different (a) fiber diameters and (b) pore sizes obtained for the mats 
processed from the P(TMC9-co-LLA91) copolymer with a dye loading of either 0 or 1 wt%. The 
feed rate was set at 5 mL/hr for this experiment and the voltage and collector distance parameters 
were; A = 17 kV & 10 cm; B = 19 kV & 15 cm; C = 24 kV & 10 cm.  
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(C) IV 
 
 
Table. Statistical analysis of average fiber diameters and pore sizes for P(TMC25-co-LLA75) and 
P(TMC36-co-LLA64) mats with and without dye. 
 
 
 
 
 
 
 
 
  
 
Sample Name Measurement Descriptive Statistics Normality One-Way ANOVA 
  N Mean 
(nm) 
SD 
(nm) 
K-S Test Levene’s 
Test  
ANOVA  Tukey 
 
Games-Howell 
25-M Fibre Diameter 61 666 244 1.172 0.000 0.000        
25-MDYE  61 964 325 0.972        0.000*   0.911   
36-M  61 643 127 1.157                                0.359 
36-MDYE  64 1055 289 0.649     
          
25-M Pore Size 109 3240 1173 1.289 0.000 0.000    0.087    0.515 
25-MDYE  64 3857 1866 1.346      0.009*   0.016* 
36-M  74 3022 966 0.931                     1.000 
36-MDYE  79 3855 1541 0.949      0.000* 
xxvi 
 
(C) V: Stress-strain curves in multiple repeats for the copolymer mats with dye (a) denotes 
P(TMC25- co- LLA75) material; (b) denotes P(TMC36-co-LLA64) material. 
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(C) VI 
 
 
Table. Contact angle measurements with and without toluidine blue dye incorporation across 
different copolymer compositions. 
Sample Name Copolymer  Dye Loading 
Contact Angle Measurements 
  (wt %) θA° (±SD) θR° (±SD) (θA - θR)° (±SD) 
25-M P(TMC25-co-LLA75) None 131 (3) 61 (2) 70 (4) 
25-MDYE P(TMC25-co-LLA75) 1.0 135 (2) 81 (6) 54 (6) 
36-M P(TMC36-co-LLA64) None 126 (4) 42 (3) 84 (5) 
36-MDYE P(TMC36-co-LLA64) 1.0 130 (3) 61 (6) 69 (7) 
Note: SD refers to the standard deviation 
 
 
 
